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Preface 


The aim of this book is to provide an account of 
the composition, chemistry and analysis of the 
organic materials which enter into the structures 
of objects in museum collections. This project 
was embarked upon in the belief that there is a 
need for such a compendium, both on the 
museum side and on that of the academic 
chemist, and in the hope that it may bring the two 
closer together. The literature of conservation 
and that of chemistry overlap only to a small 
extent, and while most conservators and other 
technical museum personnel are at least aware 
(through the medium of the Art and Archaeology 
Technical Abstracts) of the existence of the 
relevant chemical literature, staff in the 
universities often know rather little of the more 
practical or ad hoc research scattered through the 
conservation journals. ^ 

A book intended for both chemists and non- 
chemists must involve some compromise, and 
only part of the text will be of interest to both 


parties. The chemists will not need the 
introductory chemistry of Chapter 1 while 
conservators and curators, perhaps even 
students, may not feel the need to inform 


themselves fully on, say, the chemistry of shellac. 
However, the book is intended to be read: it has 
not been compiled as a reference handbook of 
materials though it may partly serve this function 
for the natural products. 

A word should be said regarding our policy 
both on coverage and on referencing. Both of 
these are generally more comprehensive on 
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topics for which there exist no adequate books or 
review articles — resins and lacquers are a case in 
point —and in consequence there is no particular 
correlation between length of a chapter and the 
practical importance of its subject. A correlation 
between length and chemical complexity is more 
likely but even in the larger chapters no attempt 
is made at completeness. 

Despite their practical importance, the major 
structural materials such as wood or skin 
products, are relatively simple chemically. These 
materials are included so as to be seen in their 
chemical context but they really need the 
individual treatment which, it is hoped, they will 
receive in due course in this Series. With regard 
to references, the later ones are always preferred 
to those of earlier years; prior to 1960 references 
are mainly confined to those of historical interest. 

We thank our colleagues in the Scientific 
Department of The National Gallery for their 
help with our enquiries and their patience when 
practical investigations have sometimes been 
delayed by our preoccupation with this book. 
Ourthanks are also due to the Consultant Editor, 
Professor Norbert S. Baer, and Mr. Stephen G. 
Rees-Jones, the Series Editor, for reading the 
manuscript and making many suggestions for 
improvements. 


John Mills 
Raymond White 
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Introduction 


Organic chemistry is the chemistry of 
compounds of carbon. Life on this planet is a 
function associated only with carbon-based 
materials. Conversely carbon compounds were 
originally thought of as necessarily produced by 
living things —plants or animals —by some kind 
of ‘life force’, and not capable of being 
synthesized in the laboratory. In the 19th 
Century this idea was found to be erroneous and 
was discarded. Nonetheless it is true that 
biochemical processes still far exceed in 
complexity the usual methods of organic 
chemical synthesis and commonly result in 
materials and molecular structures which have 
yet to be duplicated by such methods. 

The manipulation of organic compounds to 
yield new usable products started in the 19th 
Century but became really large-scale and all- 
pervasive only in the present one. However the 
organic materials incorporated into the objects to 
be found in museums and art galleries, or which 

are collected by ethnographers or excavated by 
archaeologists, will be almost exclusively of 
natural origin and some of these, such as wood 
and some animaland plant fibres, will often have 
been used quite unmodified by any treatment 
which alters their chemical nature. 

Other materials, such as leather or vulcanized 
rubber, involve a treatment of the raw material 
which significantly modifies chemical structure. 
Still others again, such as seed oils or plant 
dyestuffs, require a certain amount of 
technological development to obtain or utilize 
them. Such operations will, of course, have been 
devised quite empirically without any 
conception of the chemistry involved, and the 
same is true for the utilization of the complex 
phenomena of the drying of oils or oriental 
lacquer. 


How does one achieve some unity of 
understanding of such diverse properties and 
behaviour as, for example: the colour of dyes; 
the drying of oils; the elasticity of rubber; the 
insolubility of some materials and the varying 
solubilities of others; the stability of beeswax and 
the impermanence of coloured textiles or 
watercolours? The answer is by a knowledge of 


the chemical structures of the materials. 
Structures determine physical properties, 
reactions with other components of the 


biosphere, and response to the various sources of 
energy. 

The study of natural products was the primary 
aim of organic chemistry and has always 
remained an important aspect of it. As already 
implied, natural materials can be extremely 
complex in structure and much was attempted 
before the development of adequate methods, 
and an adequate theoretical framework, rendered 
a solution possible. Natural resins, for example, 
were studied chemically from the early 19th 
Century yet it was not until near the middle of the 
20th Century that new separation methods 
enabled isolation of pure compounds, and new 
spectrometric methods made the determination 
of their structures easier. An incentive to any 
research — which is inevitably expensive —is the 
development of useful products or the 
understanding of useful processes. With the 
expansion of the synthetic chemicals industry, 
based largely on coal, natural gas, and petroleum, 
there has been a decline in the use of many natural 
products and less research is now carried out on 
them both in industry and by the universities. 

Increasingly, museums and galleries have to 
carry Out necessary research themselves. Often 
much information is available but results of 
relevance to objects of art and archaeology are 
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x Introduction 


scattered. through the literature of many 
disciplines in several languages. Furthermore the 
absence of commercial or technological 
importance for many of these results means that 
they often do not get into even recent literature 
on relevant topics, e.g. coatings technology. 

There already exist a number of excellent 
handbooks on the materials and techniques of art 
and conservation. This book is not intended to 
duplicate the information available in these but 
rather to convey the present state of knowledge 

of the chemical composition of such materials 
and so provide a framework for a general 
understanding of their properties. While the 
viewpoint will be that of the organic chemist the 
subject matter covered will necessarily be 
selective and dictated by relevance to museum 
materials. Whole areas of organic chemistry — 
heterocyclic chemistry for example — have little 
such relevance and hence are omitted. 

The fascinating and vexed questions of the 
history of techniques and materials can only be 
touched on incidentally, and thus incompletely. 
Many of the books on these topics were, in the 
past, based on searches of the early literature, 
with very little in the way of experimental 
verification; entirely understandable at a time 
when analytical methods were inadequate to the 
task. 

Often such books remain extremely valuable, 
for their scholarship would be hard to duplicate 
today. Lucas on Egyptian materials; Church and 
Laurie on artists’ techniques; the 19th Century 
explications of early manuscripts and printed 
works by Merrifield and by Eastlake; original 
sources themselves, such as Cennini and 
Theophilus; these are valuable guides as to what 
organic materials might be expected to be found 
in museum objects. In the field of Oriental art, or 
the art of the New World, there is less in the way 
of source material, or it is less accessible, but even 
here there are the great encyclopedias of raw 
materials compiled in the 19th and 20th Centuries 
such as Watts Dictionary of the Economic Products 
of India ox Tschirsche and Stock on the natural 
resins. 

One task of the chemist working in this field is 
to try to test actual practice, as against precept, by 
analysis. Before he can do that he must assess the 
feasibility of such analysis and devise methods. 
This in turn requires a knowledge of the 
chemistry of the materials —the main subject of 
this book. 

A word must be said regarding nomenclature, 
units, etc. In an ideal world chemical compounds 
would be universally known by unique and 
consistent names which would immediately 
convey to the listener or reader the chemical 
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structure of each compound. Systems for naming 
organic compounds in such a way have indeed 
been formulated; a typical example being that 
adopted by the International Union of Pure and 
Applied Chemistry (IUPAC). Such nomen- 
clature permits the naming of all compounds, 
both known and foreseeable, but unfortunately, 
the names which result for the more complex 
compounds can be long and cumbersome, and 
they only convey the structure of the compound 
to the reader after a long and careful analysis. 

While they are probably essential for indexing 
and databases they often prove unsuitable for 

everyday use, especially i inthe case of common or 

familiar compounds, and inevitably most such 
compounds have shorter so-called trivial names 
by which they are general known. We shall 
confine our use of the systematic names to our 
first chapter on Basic Chemistry, while also 
giving the more familiar names. 

In the case of units, whilst we have in general 
used those which are internationally recognized 
(SI units) we feel obliged to continue to present 
certain values in the non-standard units 
invariably encountered in the chemical literature. 


Thus bond strengths are also given in 

kcal mol- !. 
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Basic organic chemistry 


Atoms of carbon form strong bonds with other 
carbon atoms and with those of hydrogen, 
oxygen, and nitrogen; the majority of the 
materials dealt with in this book are made up of 
compounds formed from these elements. Carbon 
also combines with the halogens (fluorine, 
chlorine, bromine, and iodine, in diminishing 
order of the strength of the carbon-halogen 
bond), with sulphur and phosphorus, and with 
many other elements including some of the 
metals, though compounds of this last type are 
often unstable or very reactive. 

Enormous numbers of individual organic 
compounds are known and there is no theoretical 
limit as to how many could, or may in fact, exist. 
Part of the reason for this is that carbon is 
tetravalent, i.e. each carbon atom can form bonds 
with up to four other atoms. Rather than attempt 
a formal presentation of the theory of chemical 
bonding (which is to be found in all organic 
chemistry textbooks) only some aspects of it will 
be touched on in this book. Initially it will suffice 
to say that organic compounds can be 
represented on paper, and by models, as if they 
were made up of particulate atoms linked by 
single or multiple bonds of specific length 
(represented by lines in structural formulae on 
paper, by wires or rods in models), arranged in a 
space of three dimensions. 

While simplistic and naive-seeming, such a 
representation of the structures of compounds is 
nevertheless of extraordinary value in explaining 
and predicting properties and chemical behaviour. 
Most of the great achievements of synthetic 
organic chemistry are the result of visualizing 
molecular structure in such a way, alongside a 
concomitant understanding of the properties and 
reactions of functional groups: the hydroxyl group 


(—OH), the carboxyl group (—COOH), the 
amino group ( —NH,) etc. 

The basic composition of a compound is 
expressed as its empirical formula. This simply 
indicates the elements present and their 
proportions —thus C,H,O (two carbons, six 
hydrogens, one oxygen). The molecular formula 
indicates the actual numbers of each atom in each 
molecule and so may be the same as the empirical 
formula or it may be a multiple of it. The 
empirical or molecular formulae give no 
indication of chemical structure. 

The example above, taken as a molecular 
formula, in fact applies to two possible 
compounds whose structures would be 
conveyed more completely by the formulae 
C,H;OH (ethanol; ethyl alcohol) and CHOCH, 
(methoxymethane; dimethyl ether). These 
formulae still give no indication of the 
arrangement of the atoms in space. To explain 
that we must start at the beginning. 


1.1 Hydrocarbons 
1.1.1 Saturated hydrocarbons: alkanes 


Compounds consisting only of carbon and 
hydrogen are called hydrocarbons. As carbon is 
tetravalent and hydrogen is monovalent it 
follows that the simplest possible hydrocarbon 
containing a single carbon atom per molecule, 
methane, contains four hydrogen atoms —CH,. 
It is important to state here that what the carbon- 
hydrogen bonds actually represent in terms of 
atomic structure is a sharing of a pair of electrons 
between the atoms concerned. One electron of 
the pair comes from each atom, and this equal 
contribution is indicated in the name of this type 


1 
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2 Basic organic chemistry 


of bond—the covalent bond. Because of the 
equal sharing of the electrons the atoms remain 
electrically neutral: there is no separation of 
charges. A partial structure of the molecule in 
terms of electrons is therefore expressed by: 


H 
H:C:H 
H 


each electron being represented by a dot. The 
hydrogen atoms have each completed a stable 
valence shell of two electrons, the carbon has 
completed a stable shell of eight electrons. 

As one might expect, these hydrogen atoms 
are spaced around the carbon atom in a 
completely symmetrical way, as if at the four 
corners of a regular tetrahedron with the carbon 
atom at its centre. 


-J 
4 
HK ù methane 


In such an arrangement the angle between the 
bonds is 109° 28' and this is, for unstrained 
compounds, the normal bond angle for saturated 
carbon whether to hydrogen, other carbon atoms 
or other elements. By unstrained is meant 
compounds in which the bond angles are not 
distorted for any reason, such as large size of 
substituents or formation of small rings (see 
below). The compound with two carbon atoms, 
ethane, has molecular formula C,H, and is 
arranged in space thus: 


S ethane 


Nothing prevents the molecule from rotating 
about the bond connecting carbon to carbon and 
consequently the hydrogen atoms on one carbon 
atom are not in a fixed position relative to those 
on the other. The various arrangements that the 
two halves of the molecule can adopt are known 
as conformations. They are of no significance in 
this case but become so when considering more 
complex molecules such as those with larger 
substituents than hydrogen and, more especially, 
those involving ring structures. 

The next compound of the homologous series, as a 
series of compounds differing one from another 
only by a CH, (methylene) group is known, is 
propane, C,H, of structure: 
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propane 


Here the point to notice is that the two carbon- 
carbon bonds of the chain are not in a straight 
line. Despite this the continuing series of 
compounds in whichall the carbon atoms, except 
those at the ends, are linked to two other carbon 
atoms is known as the series of straight-chain 
hydrocarbons to distinguish its members from 
the branched-chain hydrocarbons. No branched 
chain compound is possible with only three 
carbon atoms but with the next member of the 


series, butane, C,H;y a branched chain is 
possible, thus: 
H 
H | H 
c^ 
| 
C—H 
H a H 
N / 
C 
N methylpropane (isobutane) 


Here we see that one of the carbon atoms is 
linked with three other carbon atoms. Such a 
carbon is described as a tertiary carbon atom 
while those linked only to two or one other 
carbon are described as secondary and primary 
respectively. Whether a carbon atom is primary, 
secondary or tertiary has important conse- 
quences for the reactivity of the functional 
groups (including hydrogen) attached to it. The 
formula of butane may be written in text in 


several ways—C,Hio CH,(CH,),CH3, or 
CH,CH,CH,CH;. Methylpropane would be 
written as C;H,(CH4); or CH3;CH,(CHs)p. 

The two | compounds butane and 


methylpropane, which have the same molecular 
formula and different structural formulae are 
isomers of one another. Isomerism, as this 
phenomenon is known, can take several different 
forms which will be met with in due course. One 
however, known as szereoisomerism, wil be 
introduced at this point. 

If we consider the structure of methane, given 
above, it is clear that, in theory, the hydrogen 
atoms can be substituted by an endless number of 
other groups, be these hydrocarbon chains or the 
numerous functional groups yet to be described. 
Such groups may be conveniently indicated by 
such expressions as R}, R? etc. (the customary use 
of R comes from the now obsolete use of the term 
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radical for a group). If all the groups are different 
then it is found that two (and only two) different 
ways are possible of drawing their spatial 
arrangement round the carbon atom: 


R? R! 
| | 
Gora C—R? 

VEN. EUN. 

R? Rå R3 Rå 


These two structures are, in fact, mirror images 
of one another. However they are twisted about, 
one cannot be superimposed on the other. 

This theoretical idea reflects reality for, in such 
a case, two compounds are indeed found to exist 
which have identical chemical properties and also 
identical physical properties except for one 
known as op/ical rotation. Since this property is 
one which is without any practical significance in 
the field of museum materials a simple definition 
of it must suffice here. It is the extent to which 
the compound rotates the plane of polarized light 
passing through it, and it is expressed in angular 
degrees. 

This property yields the name optical isomers, 
and such isomers show rotations which are equal 
in degree but opposite in sign. The direction of 
the rotation (positive or negative) is also 
expressed in another way, by adding to the name 
the prefixes d- (for dextro-; to the right) and /- (for 
laevo- ; to the left) to distinguish the two isomers. 

The carbon bearing the four different groups 
is known as an asymmetric, or chiral, centre. A 
molecule may, of course, have more than one 
such centre and it is only when two compounds 
have the opposite configurations at a// their 
asymmetric centres that they have equal and 
Opposite rotations. Such pairs of isomers are 
given the name enantiomers. 

When compounds differ in configuration only 
at one or more of their asymmetric centres (rather 
than all of them) they are known as 
diastereoisomers, and are said to be epimeric at those 
centres. It is an interesting fact that natural 
products incorporating asymmetric centres are 
commonly found only as one of the possible 
optical isomers. In other words their 
biosynthesis is stereospecific. This is true, for 
example, of the sugars, amino acids and, very 
largely, of the terpenoids. 

To return to our theme of the saturated 
hydrocarbons; there is no need to indicate the 
structures of higher members of the series as 
these are obvious. It is also obvious that scope 
for variety of branching of the chain will increase 
as the number of carbon atoms increases, though 
the extent to which this is so may be surprising. 
Decane (10 carbons) has 75 isomers while 
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eicosane (20 carbons) has a theoretical 366 319. In 
practice we will here be more concerned with the 
straight chain hydrocarbons and other straight 
chain compounds resulting from the substitution 
of hydrogen by functional groups. 


1.1.2 Unsaturated hydrocarbons 


Not all four of the valencies of carbon need be 
taken up by substituents linked by single bonds. 
If the substituent is more than monovalent then 
there is the possibility of multiple bonds. 
Multiple bonds are possible therefore between 
carbon atoms, the simplest such compound 
being that with two carbon atoms and a double 
bond, ethene (ethylene) CH,—CH,. Compounds 
with triple bonds are also possible, the simplest 
being ethyne (acetylene), CH=CH. Triple bonds 
are found rather rarely in nature and we shall 
have little more to say regarding them. 

The presence of a double bond in a chain 
allows the existence of another form of 
isomerism, known as positional isomerism, for 
different compounds will result depending on its 
position on the chain. There may also, of course, 
be as many double bonds in a chain as there is 
space for but it should be noted that compounds 
with double bonds on adjacent carbon atoms 
such as CH4—C-—CH,, which are known as 
allenes or cumulative dienes, are unstable and not 
normally encountered. When the double bonds 
alternate with a singe bond then they are known 
as conjugated double bonds. Thus butadiene 
CH,—CH —CH-CH,, is a conjugated diene. 

There cannot be rotation around double 
bonds and this leads to the possibility of yet 
another type of isomerism. Consider the 
compound R!CH—CHR?. This can have two 
possible structures: 


T H R? 
H 2H E 


cis 7: S trans 
H 


The structures are known as cis and trans isomers 
according to whether the substituents are on the 
same side or opposite sides of the double bond 
respectively. When the carbons are fully 
substituted, the hydrogens being replaced by 
other groups, then deciding which isomer is to be 
called cis and which żrans becomes more tricky 
but the rules for this need not be given here. 
Reactivity of functional groups, including 
double bonds, is discussed later but it should be 
said here that double bonds are quite mobile 
under the influence of certain reagents and can 
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consequently change their positions on a chain. 
Generally a compound with two bonds in 
conjugation is more stable than one with the two 
bonds more widely separated and so 
unconjugated, and so the latter, given a chance, 
will move into conjugation. The reverse does not 
happen. Chains with several double bonds which 
can behave in this way are to be found among the 
fatty acids (page 27). 


1.1.3 Cyclic compounds 


It is easy to conceive that if a hydrocarbon chain 
is long enough, one end could be linked to the 
other by a carbon-carbon bond to form a cyclic, 
or ring, compound. Such compounds are indeed 
well known and are highly important in natural 
product chemistry. There are, of course, 
constraints put upon the formation of such rings 
by the bond angle mentioned above. 

The highly strained compounds with three and 
four carbon atoms in the ring (cyclopropane and 
cyclobutane) do exist but are relatively 
unimportant. The compound with five carbon 
atoms in the ring, cyclopentane, is almost 
unstrained (the angles of a regular pentagon 
being 108?) and is stable and easily made. 
Compounds with the five-membered ring are 
common throughout nature. 

Even more abundant though are compounds 
involving the six-membered ring of cyclohexane 
and this we will give a little more attention. 
Cyclohexane consists of a ring of six CH, groups, 
but it is most conveniently represented simply as 
a hexagon without letters and numbers: 


H H 
CH 

H (S H EO 

HO Oc CH, “CH, 

He cH Qu bu 

Ser Sa Sa AM 
2 cH, 
H H 

or 


cyclohexane 


The normal unstrained bond angle of 109° 28* 
can be attained only if the molecule is not flat, 
since this would result in angles of 120°. There 
are in fact two possible conformations of the ring 
which are strainless, known as the chair and boat 


forms: 


4 | 
| 
LET om boat 


The conformations can flip quite readily from 
one to the other but there is another factor which 
decisively determines which is preferred. In the 
boat form, two of the hydrogen atoms at the 
‘ends’ of the ring which are turned up are quite 
close to each other and undergo mutual 
repulsion. This is sufficient to ensure that at least 
99% of the molecules of cyclohexane are in the 
chair form at any one time. Another point can be 
made concerning the chair form. It can be seen 
that the bonds linking the carbons to the 
hydrogens are of two types. Six of the bonds 
points out radially from the ring, the other six 
point, three up three down, from the plane of the 
ring. These two types of bonds are known as 
equatorial and axial, respectively. They are not 
important in single ring compounds since they 
are interconvertible by ring- -flipping, but they are 
in the so-called condensed ring systems common 
in the di- and triterpenoids where confor- 
mational changes cannot readily occur. A 
condensed ring system is one in which a pair of 
rings has two carbon atoms in common as in, for 
example, bicyclodecane (decalin): 


bicyclodecane (decalin) 


It is necessary to explain here some points 
concerning the stereochemistry of condensed, or 
fused, ring systems. The two carbon atoms of 
decalin common to the two rings each have one 
hydrogen atom attached to them. These may 
both project on the same side of the rings (both 
up or both down) or on opposite sides (one up 
one down). This then gives rise to another form 
of cis—trans-isomerism, the two compounds being 
known in this case as c/s- and frans-decalin. They 
are written as follows: 


cis- 


trans- 
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The dotted lines indicate that the groups go 
below the plane of the paper, the thickened lines 
that they come above. The cs compound has 
been drawn in two different ways but it is easily 
seen that they are in fact identical compounds and 
not optical isomers: by simply turning one over 
it can be superimposed on the other. This would 
10! be the case however if one of the rings carried 
a substituent: several optical isomers would now 
be possible since both the common carbon atoms 
and the carbon to which the substituent was 
attached would become asymmetric centres. 

Both the c/s- and /razus-isomers can adopt all- 
chair conformations: 


trans- e 


1.1.4 Unsaturated cyclic compounds 


Cyclic compounds may have isolated or 
conjugated double bonds in the same way ¢ 
chain compounds. Thus cyclohexene and two 
possible cyclohexadienes exist: 


cyclohexa- 


cyclohexene 1,4- diene 


cyclohexa- 
1,3-diene 


In accordance with what was stated earlier, the 
conjugated diene readily forms from the non- 
conjugated one. It can be seen that there is room 
in the ring for one more double bond, yielding a 
compound with molecular formula CgH,. The 
presence of this third unit of unsaturation results 
in a dramatic change of chemical properties, the 
compound — benzene — behaving unlike a 
conjugated triene but as if all six of the bonds 
were equal and of a hybrid character. In 
structural formulae it is represented as follows: 


or 
benzene 
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The compounds containing the unsaturated 
system of benzene are known, for historical 
reasons, as aromatic compounds, also as 
benzenoid compounds, and the special character 
of the bonding as aromaticity or aromatic 
character. The formation of benzene (and the 
aromatic system) from cyclohexadiene is an 
exothermic process (one giving out energy) and 
it follows that any reaction which destroys the 
aromaticity of the molecule will require a 
correspondingly high energy input (will be 
endothermic). 

Looked at another way, this means that the 
carbon-carbon bond strength in aromatic 
compounds is very high and reactions involving 
rupture of the ring or loss of aromaticity become 
correspondingly less likely. Generally, then, 
aromatic compounds are rather stable, and most 
of their reactions involve substitution of the 
constituent hydrogen atoms rather than the 
carbon-carbon bonds. 

The study of aromatic compounds is one of the 
most important sections of organic chemistry 
both from the theoretical and technological 
points of view. Benzene, along with other 
aromatic compounds, is a major product of the 
destructive distillation of coal and it was one of 
the principal raw materials for the development 
of the synthetic organic chemicals industry in the 

19th Century, notably that devoted to dyestuffs 
(page 129). It is a good solvent but insidiously 
poisonous (that is to say it can have serious long- 
term toxic effects even when producing no 
immediate symptoms) and its use has to be 
carefully controlled. Its homologues, toluene 
(methylbenzene) and the xylenes (dimethyl- 
benzenes), which are somewhat higher boiling 
(110° and between 138 and 144°C respectively), 
are also useful solvents and much less poisonous. 

Xylene consists normally of a mixture of the 
three possible isomers, ortho-, meta-, and para- 
xylene (also known as 1,2-, 1,3-, and 1,4- 
dimethylbenzenes): 


ortho (1,2-) meta (1,3-) 


para (1,4-) 


Compounds containing the benzene ring are also 
common as natural products and will be 
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encountered later, especially in the sections on 
dyestuffs and  bituminous materials. The 
enhanced stability of aromatic compounds over 
corresponding compounds containing only one 
or two double bonds in the ring means that 
oxidation (dehydrogenation) of cyclic dienes to 
form an aromatic ring will readily occur as will 
rearrangement of conjugated trienes to an 
aromatic system, when that can take place 
without the breaking of carbon-carbon bonds. 
The reverse reactions are difficult and will never 
occur spontaneously. 

Condensed ring systems are equally found 
with aromatic compounds. The simplest, with 
two rings, is naphthalene, C,)H, 


naphthalene 


1.1.5 Properties and reactions of 
hydrocarbons 


Table 1.1 shows selected physical properties of 
the first ten, and some higher, members of the 
homologous series of saturated straight chain 
hydrocarbons. The lowest members up to butane 
are gases at normal temperatures, then follow 
liquids of increasing boiling point until by about 
Co the compounds are solids. Introduction of a 
double bond into the chain has the effect of 
lowering the melting and boiling points a few 
degrees from those of the corresponding 
saturated compound, 

The saturated hydrocarbons are chemically 
very unreactive compounds. Both carbon— 
carbon and carbon-hydrogen bonds are strong 
and not easily broken. To understand this we 


Table 1.1 Straight chain paraffin hydrocarbons 


Name Formula M.W. m.p. (C) b.p. 
CC) 

Methane CH, 16 —182 —161 
Ethane C,H, 30 —183 — 88 
Propane C3H, 44 —190 —44 
Butane C,H;6 58 —138 —0.5 
Pentane CH2 72 —13 36 
Hexane CH; 86 —95 69 
Heptane CH; 100 —91 98 
Octane CsHis 114 —56 125 
Nonane C, H5, 128 —51 151 
Decane Cio Hs; 142 —30 174 
Pentadecane — Cjg H3, 212 10 270 
Eicosane CooH go 282 37 343 


must consider again the electronic nature of 
bonds as shared pairs of valence electrons, 
mentioned earlier. An individual bond may be 
broken, in theory, in three different ways: with 
one clectron of the pair remaining with each of 
the atoms in question (known as homolysis; equal 
splitting) or with both electrons remaining with 
one or the other of the two atoms (heterolysis; 

unequal splitting). In the first case each fragment 
will be electrically neutral and carry a single, 

unpaired electron. Such entities are known as free 
radicals. In the second case each fragment will be 
positively or negatively charged according as it 
has lost or retained the originally shared pair of 
electrons. These charged fragments are known as 
ions. 


A +B* 


In saturated hydrocarbons each of these three 
ways of splitting the carbon-carbon or the 
carbon-hydrogen bond produces fragments 
which are unstable and of high energy. 
Consequently they can only be effected (if at all) 
under energetic conditions, such as at high 
temperatures. Now not all, or even most, 
chemical reactions proceed first by the splitting 
of bonds followed by reaction of the fragments 
so formed ; more common is the abstraction of an 
atom by some reactive species, or the 
displacement of a group from carbon by an 
attacking reactive species. 

In other words bond making accompanies 
bond breaking and the overall energy needed to 
effect the splitting of the original bond is 
correspondingly reduced. Displacement 
reactions usually involve attack by, and 
displacement of, negatively charged ions 
(nucleophilic substitution) but since the 
negatively charged hydrogen ion is of such high 
energy as not to be able to exist in the free state, 
and the departure of a negatively charged 
hydrocarbon fragment is also unfavourable, such 
displacements do not occur with saturated 
hydrocarbons. 

This only leaves the possibility of free radical 
reactions resulting from the homolysis of bonds or 
abstraction of atoms by reactive radical species 
and indeed these are the sorts of reaction most 
encountered with saturated hydrocarbons. But 
again they only take place at high temperatures or 
under special conditions. Radical reactions 
involving hydrocarbons, or the hydrocarbon 
chains of other compounds, including those with 
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double bonds, will be discussed in more detail 
later in this book, particularly when considering 
the drying of drying oils. 

The presence of a double bond in a 
hydrocarbon makes it more chemically reactive. 
In addition to facilitating free radical reactions, 
double bonds are electron-rich and consequently 
attack positively charged species (or positively 
charged species attack them: it is immaterial 
which way one thinks of it). The proton, H*, isa 
common such species and the immediate product 
is a carbonium ion or carbon cation: 


R!CH-—CHR?.-H* —> R!CH,—C*HR? 


This intermediate ion is quite reactive and can 
behave in several ways. Thus it may again lose a 
proton, re- forming a double bond which can be 
in a different position to the original one. This is 
the mechanism by which double bonds are 
isomerized (shifted) by acids. It may attack 
another double bond, in the same or another 
molecule, forming another carbon-carbon bond. 
Most typically it will combine with an anion, a 
negatively charged species, and most probably 
that which was associated with the proton 
originally: 


R!CH,—C"*R R? +X — > RICH CHXR? 


Thus the overall effect is an addition to the 
double bond and the reaction is known as an 
electrophilic addition reaction. 

In the presence of suitable metallic catalysts, 
and especially under pressure, hydrogen gas itself 
will react with double bonds to give the saturated 
compound. The process is known as 
hydrogenation. 


1.1.6 Occurrence of hydrocarbons 


Enormous quantities of hydrocarbons occur 
naturally in the form of petroleum deposits and 
natural gas, which is mostly methane. A gas- 
chromatogram of crude petroleum reveals the 
presence of hundreds of individual compounds. 
The major components of this mixture are the 
straight chain saturated hydrocarbons but minor 
components include many branched chain and 
unsaturated compounds also. Aromatic com- 
pounds are also present in great variety. 

The petroleum industry is based primarily on 
the provision of fuel for transport, heating, and 
electricity generation, and on supplying raw 
materials for the synthetic chemicals industry. 
More relevant here is that petroleum is the source 
of hydrocarbon solvents. 


Hydrocarbons T 


In many petroleum producing areas the crude 
oil comes to the surface and so has always been 
available for collection and use. This is so, for 
example, at La Brea, Los Angeles and in the 
region of Baku, on the Caspian, and for centuries 
before the development of the petroleum 
industry people resorted to these areas to collect 
the oil for use as fuel for lighting or heating and 
even for medicinal purposes. The properties of 
the material can vary widely and sometimes it 
exudes as quite a light oil, possibly a natural 
distillate, which can be used as a solvent. 

A series of arbitrary fractions boiling over 
different ranges is obtained by the distillation of 
crude petroleum. Light petroleum or gasoline, 
used for motor car fuel, now has added materials 
to alter its properties but basically it is the 
fraction boiling between about 70-175°. Thus its 
main components are heptane and octane (see 
Table 1.1). The lower boiling range solvents are 
known as petroleum spirit, while these and other 
fractions also go by a confusing variety of other 
names. Thus they may be called naphtha, ligroin 
and benzine (not benzene). 

Kerosene usually refers to the fraction of 
boiling range about 175-290? and it contains the 
hydrocarbons between C,, and Cg. A fraction 
intermediate between light petroleum and 
kerosene, of which about 80% boils between 155 
and 195°, is known as white spirit or, in the paint 
and varnish context, as turpentine substitute. A 
similar fraction is known as Stoddard solvent 
while several manufacturers produce their own 
branded solvents of a like nature but perhaps 
differing boiling ranges. All these solvents 
contain a proportion of unsaturated and aromatic 
hydrocarbons in addition to the saturated ones 
and this materially affects the solvent properties. 

Hydrocarbons are important as solvents for 
both natural and synthetic resins in the 
preparation of varnishes, and their ability to 
dissolve these materials, and keep them in 
solution once dissolved, is very dependent on the 
aromatics content. Since this is liable to vary 
from batch to batch problems of insolubility 
sometimes arise. Unfortunately analysis of the 
solvent is rarely given by the supplier and is 
difficult for the user so the problem is hard to 
control. 

Further materials are obtained by continuation 
of the distillation above the kerosene range. 
Liquid paraffin or Nujol comes next followed by 
the so-called petroleum jelly (Vaseline). Then 
follows paraffin wax with hydrocarbons ranging 
from Cy. to Cy, which is dealt with later among 
the other waxes (page 45). The undistillable 


residue is equivalent to asphalt or bitumen (page 
48). 
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1.2 Compounds with functional 
groups 


At the beginning of this chapter it was stated that 
other elements, and particularly oxygen and 
nitrogen, enter into the composition of many 
organic compounds. These elements, those 
bonded to them, and the type of bonds involved 
form centres having particular chemical 
properties within the molecule which often 
largely determine the properties and reactions of 
the molecule as a whole. Such groupings are 
known as functional groups. Oxygen is bivalent 
and nitrogen trivalent which means that several 
different types of groups can be formed from 
each of them. The halogens, fluorine, chlorine, 
bromine, and iodine are monovalent and 
consequently tend simply to substitute for 
hydrogen linked to carbon. 


1.2.1 Halogenated compounds: alkyl 
halides 


In principle, any or all of the hydrogen atoms 
directly linked to carbon may be replaced by any 
of the four halogens. This may be illustrated by 
reference to methane and chlorine. Successive 
replacement of the four hydrogens leads to 
chloromethane (methyl chloride) CH,Cl, b.p. 
—24^, dichloromethane (methylene Ghlonde) 
CH,Cl,, b.p. 40°, trichloromethane (chloroform) 
CHCl, b.p. 61°, and tetrachloromethane (carbon 
tetrachloride) CCl,. The last three of these are 
important solvents having the advantage that 
they are not flammable. Both carbon 
tetrachloride and chloroform are, however, 
rather poisonous and the latter is now no longer 
used as an anaesthetic, but alkyl halides find a 
variety of other uses. 

The mixed fluorochloromethanes, CCI,F, 
CCI,F,, and CCIF,, are used under the name 
*Freon' as refrigerants and propellants in aerosol 
cans. Methyl bromide, CH3Br, a gas at normal 
temperatures, is an important fumigant for 
destroying woodworm, etc. Carbon tetra- 
chloride was at one time used for dry-cleaning 
but its place was taken long ago by other 
halogenated solvents. There is now, however, a 
general suspicion of these too on health and 
environmental grounds and there has been some 
return to the use of petroleum solvents despite 
their inflammability. 


1.2.2 Oxygenated compounds 


The most highly oxidized state of carbon is to be 
found in carbon dioxide, CO, which may be 
considered to have structure O=C=O. Such a 
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compound evidently cannot be the first of a 
homologous series since it has no replaceable 
hydrogens to be substituted by a CH, group; it 
stands alone. Other oxidation states of the carbon 
atom are indicated by the following formulae: 


we 9 
HCH,—OH HC HC 
2 NS S. 
H OH 


methanol methanal methanoic acid 


(forms dehyde) (formic acid) 
which represent compounds with a hydroxyl 
group, a carbonyl group, and a carboxyl ee 
respectively. Each is the lowest member of 
homologous series. 


1.2.2.1 Alcohols 


Compounds witha hydroxyl group are known as 
alcohols, after the common name of the best 
known member of the group, ethyl alcohol or 
ethanol. The boiling points of the lower 
members of the series are given in Tab/e 1.2. It is 
at once observable that introduction of the 
hydroxyl group results in a very marked raising 
ofthe boiling point. Methanol, for example, boils 
at 64° whereas methane is a gas with boiling 
point —182°. This is due to a phenomenon 
known as hydrogen bonding which is most easily 
explained in terms of the water molecule, H4O. 
The O—H bond is slightly polarized so that 
there is a partial charge on the oxygen and 
hydrogen atoms: 


ó' ó 


H—O—H 


The oxygen atom has two-unshared pairs of 
electrons in its valency shell and these associate 
themselves with the partial charge on the 
hydrogen atoms of other water molecules 
forming a weak bond, represented by a dotted 
line: 


ZY 
lel VSI 
eee ye K 
(0 o Om 
EN N Er E 
m^ us ere 
The molecules being thus weakly linked 


together, the vapour pressure is diminished and 
the boiling point raised. This is why water has 
such a very much higher boiling point than, say, 
hydrogen sulphide, H,S, or hydrogen chloride, 
HCl, despite the higher molecular weights of 
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Table 1.2 Some lower alcohols 
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Formula 


Common name Systematic name M.W. b.p. CC) 
Methanol methanol CH4OH 32 64.5 
Ethanol ethanol C,H,OH 46 78 
Propanol propan-1-ol C4H.OH 60 97 
isopropanol propan-2-ol (CH3) CHOH 60 82.5 
Butanol butan-1-ol C,H,OH 74 118 
isóbutanol 3-methylbutan-1-0l (CH3,CHCH4,OH 74 107 
sec-butanol butan-2-ol C,H;CH(CH4)OH 74 99.5 
tert-butanol 2-methylpropan-2-0l (CH43),COH 74 83 
Pentanol pentanol C;H4,0H 90 138 
Decanol decanol CHOH 158 229 
Eicosanol eicosanol CaoH OH 298 369 (m.p. 65.5) 


these compounds. The same effect occurs with 
alcohols to result in their higher than expected 
boiling points. It is also the reason for the ready 
miscibility of the lower alcohols with water: 
hydrogen bonds can be formed between them. 

As the homologous series is ascended the 
effects of hydrogen bonding become less 
observable, outweighed as they are by the effects 
of the longer hydrocarbon chain. Butanol 
(CHOH) is only partially soluble in water while 
above C, the alcohols are virtually insoluble. 
Alcohols are described as primary, secondary, or 
tertiary according as the hydroxyl group is on a 
primary, secondary or tertiary carbon atom. 

A word should be said here regarding polar 
and non-polar solvents. The terms are loose ones 
but, in effect, refer to whether the solvent is 
miscible or immiscible with water — hydrophilic 
or hydrophobic in yet other terms. As well as 
determining miscibility with other solvents, 
position on the polar/non-polar scale (which 
might be thought of as running from water to 
saturated hydrocarbons) also determines what 
compounds will dissolve (or swell, in the case of 
cross-linked polymers) in the solvent in question. 
The situation is summed up by the simple idea of 
‘like dissolves (or mixes with) like’. 

A more sophisticated treatment of solubilities 
is provided by consideration of the solubility 
parameter, an experimentally determined index of 
solvent power! 5, but discussion of this belongs 
in the realm of thermodynamics rather than 
organic chemistry. 

The ethers are formed by replacing the 
hydrogen atom of the hydroxyl group by an alkyl 
group. Ethoxyethane (diethyl ether; also known 
just as ether), (C4H)4O, is a liquid boiling well 
below ethanol itself despite its higher molecular 
weight, having lost the ability to form hydrogen 
bonds. Ethers are chemically rather unreactive 
compounds though when the ether group is part 


of a composite grouping, as in the hemiketals and 
ketals found in the sugars (page 60) it reacts 
more rcadily. 


1.2.2.2 Carbonyl compounds 


These can be made from the corresponding 
alcohols by oxidation and are of two kinds. 
Oxidation of a primary hydroxyl group gives an 
aldehyde while oxidation of a secondary 
hydroxyl a ketone. The former has a hydrogen 
atom on the same carbon atom as the carbonyl 
group while the latter does not. A tertiary alcohol 
cannot be oxidized without rupture of carbon- 
carbon bonds. 

Ketones are useful solvents, the lower 
molecular weight compounds being miscible 
with water. Propanone (acetone), (CH3).CO, is 
the most familiar such compound. Aldehydes 
find little use as solvents as they are rather 
reactive. chemically and easily oxidized and 
autoxidized (i.e. spontaneously oxidized by the 
oxygen of the air) to the corresponding 
carboxylic acids. Ketones, on the other hand, 
cannot be further oxidized without breaking 
carbon-carbon bonds. 

Aldehydes and ketones undergo numerous 
interesting types of chemical reaction, very 
important in synthetic organic chemistry but less 
so in the present context. Such reactions are 
mainly a consequence of the fact that the 
carbonyl bond is partially polarized. The oxygen 
atom abrogates to itself more than its share of the 
valence electrons and consequently carries a 
slight negative charge, the carbon atom being 
correspondingly positive: 


CC-0. UP State Museum, Hazratganj. Lucknow 


m—" 


Digitized by Sarayu Foundation Trust, Delhi and eGangotri 


10 Basic organic chemistry 


Table 1.3 Some carboxylic acids 


Common name Systematic name Formula M... m.p. (C) bp: (CG) 
Formic Methanoic HCOOH 46 8.5 100.5 
Acetic Ethanoic CH,COOH 60 17 118 
Propionic Propanoic CH,CH,COOH 74 —22 141 
Butyric Butanoic CH,(CH,),;COOH 88 —5 163 
Valeric Pentanoic CH,(CH,);,COOH 102 —35 187 
Capric Decanoic CH,(CH,),COOH 172 92 268 
Lauric Dodecanoic CH4(CH5),,COOH 200 48 — 
Myristic Tetradecanoic CH3(CH5),,COOH 228 58 — 
Palmitic Hexadecanoic CH,(CH,),;COOH 256 64 = 
Stearic Octadecanoic CH,(CH,),,;COOH 284 69 = 
1.2.2.3 Carboxylic acids Z9 K 

. z R-COOH — > R—C +H 
These form an important class of organic ^o- 


compounds in their own right and for their 
ability to form compounds with alcohols called 
esters, and salts with many metals. As mentioned 
above, they are formed by the further oxidation 
of aldehydes. Since oxidation cannot proceed still 
further without rupture of carbon-carbon bonds 
(which needs powerful reagents or energetic 
conditions) the carboxyl group is a stable one, 
and acids often constitute the stable end products 
of natural autoxidation reactions. 

The properties of some of the lower acids are 
shown in Tab/e 1.3. As can be seen they have still 
higher boiling points than their corresponding 
alcohols. This is because hydrogen bonding is 
even stronger with carboxylic acids which form a 
sort of dimer with an eight-membered ring 
structure: 


4978-0. 
RCO JC-R 
OH o^ 


The most familiar of the lower fatty acids, as the 
series is sometimes called, is ethanoic acid (acetic 
acid), the acid in vinegar, in which it has been 
formed by the oxidative transformation of 
ethanol by a yeast. The higher acids, lauric, 
myristic, palmitic, and stearic, are important 
components of oils and fats and will be 
encountered again in the chapter devoted to 
these (page 26). 

The nature of acidity must now be explained. 
As mentioned above, the carbonyl group is 
slightly polarized resulting in a small negative 
charge on the oxygen atom and an electron 
deficiency on the carbon. This deficiency can, 
however, be supplied by donation from the 
hydroxyl oxygen, especially if its hydrogen atom 
is given up as a hydrogen ion: 


The overall effect is ionization of the hydroxyl 
group to yield a proton and the carboxylate 
anion: the extent to which this ionization takes 
place (i.e. the proportion of molecules ionized 
and thus the hydrogen ion concentration) 
determines the strength of the acid. In carboxylic 
acids the tendency to ionization is somewhat 
diminished by the electron-donating capacity of 
the hydrocarbon chain on the carboxyl group, 
and consequently they are not very strong acids. 
The lowest member of the family, methanoic acid 
(formic acid), which has no hydrocarbon group 
but only a hydrogen atom, is a much stronger 
acid than the others. 

It should be noted that the carboxylate anion 
can exist in so-called resonance forms (also known 
as canonical forms), that is to say forms which 
result simply from a shift of electrons. In fact the 
ion is a sort of half-way form between these two 
with the negative charge distributed over both 
oxygens: 


2 Xo) O- 
R-C eR GRC 
(om XO) O 


This spreading of the charge means lower energy 
of formation and greater stability. The concept of 
resonance is an important one and will be met 
with again later. 

As already indicated in connection with 
hydrogen bonding, even the hydroxyl group on 
its own, as in alcohols, has a very small tendency 
to ionize and so has some acid character. When a 
hydroxyl group is attached to a benzene ring the 
resulting compound, known as a phenol, is 
distinctly more acidic than an alcohol because the 
charge resulting from ionization can be 
distributed by resonance: 
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Carboxylic acids, in common with the strong 
*mineral' acids such as hydrochloric, sulphuric 
acid, etc. form salts with metals ; that is to say the 
hy drogeni ions are replaced by metal ions. Salts of 
the longer chain acids are commonly known as 
soaps and they are formed during the 
saponification of esters with alkali, which again 
will be discussed later. 

Carboxylic acids react with alcohols under 
suitable conditions to form compounds known 
as esters: 


O 
Il 


R-OH + R-COOH ——> R!—O—C—R?+ H,O 


Esters are stable compounds and important to us 
as major constituents of the fats and some of the 
waxes, under which heads they will be discussed 
at more length. 

Esters are also of importance as convenient 
derivatives for handling both acids and alcohols 
under particular circumstances. Thus alcohols 
are very readily converted to their acetates: this 
group is unaffected by oxidizing agents yet the 
alcohol can readily be regenerated by treatment 
with alkali. Again acids are rather high-boiling 
and for certain analytical applications, such as 
gas- -chromatography, a lower boiling derivative 
is needed. This is provided by the methyl esters 
which are easily made using any one of several 
simple methods. The need to derivatize 
functional groups in some way will be often 
encountered in the following pages. 

A number of esters of the lower carboxylic 
acids with the lower alcohols, for example ethyl 
ethanoate (ethyl acetate) and pentyl ethanoate 
(amyl acetate), are important as solvents for 
particular applications. Such esters have 
characteristic fruity smells and are indeed the 
compounds responsible for the flavours of many 
fruits. 


1.2.3 Compounds containing nitrogen 


Nitrogen is trivalent, as observable in its most 
familiar compound ammonia, NH}. The simplest 
organic compounds of nitrogen can be thought 
of as compounds in which one or more of the 
three hydrogen atoms of ammonia are replaced 
by alkyl groups, such compounds being known 
as amines, thus: aminomethane (methylamine), 
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CH4NH,; methylaminomethane (dimethyl- 
amine), (CH3),NH; and dimethylaminomethane 
(trimethylamine), (CH4)4N 

These amines are bases, as is ammonia itself. 
The nitrogen atom in them has a pair of 
unbonded electrons in its outermost valency 
shell which it very readily shares with an 
electrophile such as the proton, thus taking on 
the positive charge itself. This happens even in 
water solution so ammonia and the amines are 
present in such a solution partially as the 
hydroxides, NH,OH, RNH,OH, etc. Stable salts 
are formed Si the strong acids, e.g. 
CH,NH,Cl, methylamine hydrochloride. 

It is probably this basic character, allowing 
ready dissolution of acidic materials, that renders 
amines, including ammonia, useful as solvents 
and cleaning agents. However there are other 
ways also in which amino compounds have a 
place in the field of detergency. Even the 
hydrogen atom of the salts of tertiary amines, 
(R),N*HX-, can be substituted by an alkyl 
group to yield the quaternary salt, (RN*X-. 
When one or more of the four alkyl groups, R, is 
a long (say Cyg or Cia) hydrocarbon chain then 
the compound forms one of the cationic 
surfactants, important as components of laundry 
detergents and fabric conditioners? though not 
so far much used in conservation. 

Quaternary amine salts, with a range of 
different substituents including aromatic and 
substituted aromatic groups, are important 
biocides, i.e. compounds with bactericidal and 
fungicidal properties. In addition to medicinal 
use they find applications in preventing mildew 
and as preservatives’. 

The range of possible substituent hydro- 
carbons naturally also includes cycloalkanes and 
aromatic compounds as, for example: 


NH, NH, 


aminocyclohexane 
(cyclohexylamine) 


aminobenzene 
(aniline) 


Nitrogen atoms can also form an integral part of 
a ring system as in the important compound 
pyridine (whose systematic name azine is rarely 
encountered): 


a 


SS 
N 


H 


The formal resemblance to benzene is evident 
and indeed pyridine does behave like an aromatic 
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compound. Like the amines it is also a base, 
forms salts, and is a powerful solvent. 
Compounds such as pyridine, containing an 
element other than carbon in the ring system, are 
known as heterocyclic compounds. There are 
many different kinds of such ring systems, which 
can include oxygen and sulphur atoms as well as 
nitrogen, and some will be encountered in the 
section on dyestuffs. 

The amino group can also replace the hydroxyl 
group in a carboxylic acid, the resulting 
compound being known as an amide, for 
example: 


RECS 
NH, 


'The basic character of the amino group is here 
reduced by the clectron attracting. carbonyl 
group but not enough to render it significantly 
acid like a carboxylic acid. Thus amides do not 
form stable salts either as cation or anion but one 
or both hydrogens can nonetheless be replaced 
by alkyl groups to givea sort of ester-equivalent: 


HCONH, HCONHCH, 
methanamide methylmethanamide 
(formamide) (methylformamide) 
HCON(CHs), 


dimethylmethanamide 
(dimethylformamide) 


The last of these is an important solvent which 
has its uses even in picture conservation. 

Monosubstituted amides can be thought of 
formally either as products of reaction of an 
amine witha carboxylic acid or of an amide with 
an alcohol, both with elimination of water. In 
fact they cannot be made directly by either of 
these methods but when subjected to acid 
hydrolysis they yield the amine and carboxylic 
acid. 

Proteins are polyamides, made up from amino 
acids. These have both amino and carboxylic acid 
groups on each molecule and consequently are 
able to combine together to form long chains 


(page 73). 
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Analytical methods 


Analysis is a broad term covering a number of 
different objectives. For organic chemists in 
industry or the universities the various methods 
of instrumental analysis are often directed 
towards the study of chemical structure, 
particularly of newly made or newly isolated 
compounds. In the field of museum studies, 
however, the aim is primarily to identify a 
particular raw material. It follows that some 
methods which are of great value in revealing 
details of chemical structure may have little 
relevance to the problems of the museum analyst. 

Analytical approaches fall into two broad 
classes: spectrometry and separation methods, 
the latter having come to mean almost 
exclusively the various forms of 
chromatography. 

Spectrometric methods are at their most 
powerful when dealing with chemically 
homogeneous materials, i.e. single compounds, 
whereas chromatography in its various forms is 
designed for Separating mixtures into their 
components, either in order to produce a 
characteristic pattern or as a first step towards 
their further study individually. The following 
descriptions concentrate more on those methods 
which have proved of value for museum 
materials. 


2.1 Separation methods — 
chromatography 


2.1.1 Column chromatography 


The name chromatography was introduced by 
the Russian botanist Tswett who was the first to 
observe the separation of coloured plant 
pigments adsorbed on a column of powdered 


solid (calcium carbonate) contained in a glass 
tube, when a solvent (petroleum) was passed 
through it. (A brief history of this and other 
aspects of chromatography is given by 
Heftman!.) 

Tswett developed the process as an efficient 
separation method for such pigments and 
although his work was virtually forgotten for 
twenty-five years it was revived in the 1930s and 
became, and remains, a standard method for 
separating the components of mixtures of 
organic compounds (colourless as well as 
coloured) on a preparative scale. 

The method—column chromatography — 
exemplifies the approach of chromatography in 
general: partition between two phases, one of 
which is stationary and the other moving. Here 
the stationary phase is a solid and the moving 
phase a liquid. 

Tswett listed many possible solid adsorbents 
but, in practice, alumina (aluminium oxide) has 
become the preferred material. The liquid 
moving phase, known as the eluant, is usually a 
series of organic solvents and intermediate 
mixtures of these, starting with non-polar 
compounds such as alkanes and going on to 
aromatic solvents (usually benzene), ethers and 
alcohols. 

The theory of adsorption on solids need not be 
dealt with here; intuitively it can be appreciated 
that more polar compounds, for example those 
with hydroxyl or carboxyl groups, will be more 
strongly adsorbed on polar substrates such as 
alumina than will non-polar hydrocarbons. The 
non-polar compounds will therefore be more 
readily displaced by adsorption of solvent than 
the polar compounds and so will move faster 
than these down the column of adsorbent, in 
dynamic equilibrium between the adsorbed and 
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dissolved states. So the components of the 
original mixture are separated out and can, if 
wished, be washed off (eluted) one by one from 
the end of the column. 

Another commonly-used solid adsorbent is 
silica gel but it is a moot point whether this 
material truly represents a solid/liquid partition 
or rather a partition between two liquids —the 
moving phase, and water permanently adsorbed 
on the silica gel. More certain liquid/liquid 
partition is observed in so-called reverse phase 
methods. A non-polar liquid phase is held in 
position by an inactive support such as 
kiesulguhr (often treated with silylating agents to 
render it hydrophobic) while a polar moving 
phase such as methanol/water acts as eluant. In 
such systems the order of elution is, of course, 
reversed; the more polar compounds eluting 
before the non-polar. 

Another type of liquid-solid chromatography 
involves the use of ion-exchange resins as the 
stationary phase. These materials are high 
polymers incorporating anionic or cationic 
groups or sometimes both (which, being 
immobilized on a resin, cannot neutralize one 
another). Such resins absorb bases or acids by 
forming salts with them and this absorption may 
be reversed by treatment with aqueous solutions 
of suitable pH. The method has found most 
application to the analysis of amino acids from 
protein hydrolysates, the so-called ‘amino acid 
analyser’ having been developed to meet the 
frequent need for such analyses for medical 
purposes. A sulphonic acid resin is commonly 
employed and the amino acids are eluted 
sequentially by a gradient of pH from 2.875 to 
5.00, being detected and estimated by the 
intensity of the colour reaction with ninhydrin, 
carried out automatically. The method is a useful 
one, limited only by the size of sample required 
(about 0.3mg), and it has been applied to 
museum materials?. 


2.1.2 Paper and thin-layer chromatography 


Column chromatography is not suited to 
handling small quantities of materials and so is 
not very useful as an analytical. method. A great 
advance from this viewpoint was the 
development, in the 1940s, of paper 
chromatography?. Here the stationary phase is 
paper, or possibly water adsorbed on the paper, 
and the mobile phase a water-saturated solvent 
mixture. The sample is applied in solution as a 
small spot a little way in from one end. This end 
is then dipped into a trough of solvent which 
moves along the paper by capillary action. The 
components of the mixture are more or less 


completely separated into a series of individual 
spots which may be revealed (in the case of 
colourless compounds) by spraying the dried 
paper chromatogram with a suitable colour 
reagent. 

Useful as it was in its day, paper 
chromatography was progressively replaced by 
the more convenient thin-layer chromatography 
(TLC) after about 1960. Paper chromatograms 
took several hours to develop with solvent and 
the colour reagents which could be used were 
limited by the vulnerability of the paper support. 
In TLC a solid adsorbent, commonly silica or 
alumina, is spread as a thin film on glass plates 
and the chromatography carried out essentially 
as for paper, the rigidity of the plates making for 
easier handling and greater permanence. 
Furthermore the solvent moves much more 
quickly —the chromatography is usually finished 
within half an hour — while the finer grain of the 
adsorbent, as compared with paper, gives better 
separations and less diffusion of spots. 

Thin-layer chromatography is an inexpensive 
analytical method which can be quite sensitive 
and useful for certain classes of materials but it 
also has some drawbacks. Separations can be 
rather incomplete and tend to be blurred in the 
presence of significant amounts of polymerized 
or highly oxidized materials —a common state of 
affairs with old natural materials. It is, moreover, 
not well adapted to giving quantitative results 
and so is unable to distinguish between materials 
differing only in the proportions of constituents. 


2.1.3 Gas-liquid chromatography 


The technique of gas-liquid chromatography 
(GLC) was developed from the early 1950s*.5. 
Here the partitioning of the mixture is between a 
stationary liquid phase (absorbed on an inert 
support) and a moving gas phase. Although 
initially designed for the separation of relatively 
volatile compounds, improvements in the 
various components of the system now permit 
separation of compounds of quite high molecular 
weight. Because of its great usefulness it will be 
described in rather more detail than the 
preceding methods. 
The essential parts of the system comprise: 


A long narrow tube or ‘column’ containing 
the stationary phase; 

A temperature-controlled oven in which the 
column is mounted; 

A supply of suitable inert gas and pressure 
controls to force it through the column at the 
required rate; 
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strip chart 
recorder 


amplifier 


Figure 2.1 Schematic diagram of a gas chromatograph 


A detection device at the exit from the 
column which responds to compounds as they 
are eluted; 

A chart recorder to record the response of 
the detector. 


The system is shown diagrammatically in Figure 
2 

The column can take several forms. The 
original system of packed columns, still much in 
use, was a glass or metal tube a metre or two in 
length and a few millimetres in diameter. The 
tube is bent or coiled to fit conveniently in the 
oven and packed with uniformly graded inert 
material (kiesulguhr, a diatomaceous earth, or 
something similar) coated with the stationary 
liquid phase. A later development was the use of 
capillary columns, in which the internal diameter 
was only between 0.2and 2 mmand witha length 
up to 100m. These columns might be open 
tubular, in which the stationary phase simply 
coated the internal wall, or support coated, in 
which the walls also had a coating of solid 
support. Although sometimes made of metal, the 
columns were more usually of glass and were 
consequently very fragile. 

More recently columns of flexible quartz have 
been perfected which are much easier to use. The 
separation efficiency of capillary columns is very 
much greater than that of packed columns but as 
the amount of stationary phase is so small they 
can only handle very small quantities of material. 
Since, however, detectors can ‘now be very 
sensitive this is no disadvantage; quite the 
contrary in fact. 

The stationary phase must necessarily be a high- 
boiling liquid if it is not to volatilize significantly 
into the carrier gas stream. Hundreds of different 
materials have been used in the past and they 
have generally been roughly divided into ‘polar’ 
and ‘non-polar’ types. The ‘polar’ materials have 


detector 
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carrier gas 
(He, Ar, No) 


BY micro syringe 
septum 


injector system 


often been polyesters of high molecular weight 
while silicone polymers have most commonly 
provided the ‘non-polar’ phases. 

Formerly much time and trouble was put into 
finding suitable phases for particular separations 
but with the increased efficiency of the newer 
capillary columns this is now less necessary and a 
silicone phase will commonly serve for many 
different chemical types. Volatility (or decompo- 
sition) of the stationary phase is the factor which 
normally limits the upper temperature at which 
gas chromatography may be conducted and thus 
also the range of compounds which may be 
examined by it. A development which has 
reduced this problem is that of bonded phases in 
which the stationary phase is chemically bonded 
(commonly through oxygen links) to the glass or 
silica of the columns. 

Column ovens were initially designed to 
maintain the column at a fixed temperature 
within a possible range. This has the advantage 
that, provided other factors such as gas flow rate 
are also kept constant, the time of elution of a 
particular compound (the retention time), or the 
elution time relative to a known compound (the 
relative retention time), is also a constant and so 
aids identification. The disadvantages are that it 
is not always easy to find an optimum 
temperature for a mixture of compounds of 
widely differing volatilities: either the early- 
eluting compounds are too compressed together 
or the later ones are too delayed and emerge as 
broad, low peaks after an inconveniently long 
time. 

A solution is provided by temperature 
programming, by which the oven temperature is 
progressively raised during the run at a suitable 
rate sO as to speed up the emergence of the later 
peaks. In this case, retention times become 
unreliable indicators of identity and a more 
sophisticated measure, known as the Kovats 
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retention index (which relates the retention time 
to that of the closest straight-chain hydrocarbon) 
is commonly utilized. 

Gases used as the mobile phase are quite few in 
number, usually being selected from among 
nitrogen, argon, or helium. It used to be thought 
that hydrogen, being flammable, was too 
dangerous for use as a carrier gas but recently it 
has been increasingly used, particularly for 
capillary columns where flow rates are very low. 
The gas used influences the separations though 
usually little consideration is given to this. 

Another important factor is that the gas 
should not be too viscous at high temperatures. 
Viscosity of gases increases with temperature, 
with consequent decline of flow rate at constant 
pressure. Most chromatographs now 
incorporate flow controllers which give constant 
flow rate (by increasing pressure). 

Detectors may be of several types. Early models 
were based on gas-density measurement or 
detection of thermal conductivity changes in the 
emerging gas stream but these were not very 
sensitive. The type which has been generally 
employed for many years now is the hydrogen 
flame detector. The gas from the column is mixed 
with hydrogen and burned at a jet in a supply of 
air. A potential is maintained across this flame by 
means of suitable electrodes and the current 
which flows is amplified and recorded on the 
strip chart recorder. 

The conductivity of a hydrogen flame is 
normally extremely low but as organic 
compounds emerge from the column and are 
burnt, ions are formed and the conductivity, and 
hence the current flowing, are greatly increased, 
resulting in a recorder response. Emerging 
compounds are therefore seen as peaks on a 
baseline and the areas of these are proportional to 
the amounts of the compounds concerned, 
permitting their quantitative estimation. 

Other detectors are also available but these are 
mostly for special groups of compounds. The 
electron capture detector, for instance, responds 
only to compounds containing halogens and is 
extremely sensitive to these. Other detectors are 
specific for nitrogen- and phosphorus- 
containing compounds. In the combined 
technique of gas chromatography — mass 
spectrometry (see below) the mass spectrometer 
itself acts as the detector. 


2.1.4 Treatment of samples 


So far nothing has been said regarding the 
chemical form in which samples are subjected to 
the chromatographic methods which have been 
described. It goes without saying that samples 


must be put into solution, so that they can be 
applied to thin-layer plates or injected into a gas 
chromatograph, but this often has to involve 
rather more than simply dissolving in a solvent. 

Natural polymeric materials have commonly 
to be broken down into their individual * building 
blocks'—fatty acids, sugars, amino acids or 
whatever — before subjecting these to separation 
procedures. Furthermore these individual 
compounds are themselves not always suitable 
but need to be derivatized (see page 1 1) in order 
to make separations feasible. This is particularly 
so in the case of gas chromatography. 

Compounds of each of the three classes just 
mentioned are insufficiently volatile for this and 
have to be converted to esters to permit them to 
be run. This is a further complication and 
derivatization procedures must therefore be 
fairly simple ones, especially when very small 
quantities are being handled. More will be said 
about this when specific materials and methods 
are presented. 


2.1.5 Pyrolysis gas chromatography 


In certain cases—synthetic polymers for 
example —there is no way in which a sample may 
be converted to volatile derivatives. Indeed a 
polymer does not consist of separate components 
which can be separated. Decomposition of the 
material by heating —pyrolysis—sometimes 
yields characteristic low molecular weight 
products and the technique of pyrolysis gas 
chromatography simply effects this pyrolysis on 
a small scale, commonly in the gas stream at the 
start of the gas chromatograph column, and 
directly separates the resulting volatile products 
in the usual way. Sucha technique is of particular 
utility in identifying synthetic polymers as these 
commonly ‘unzip’ on heating to give the 
monomer or monomers of which they were 
originally made, thus leading to ready 
identification. 

Attempts have also been made to apply the 
technique to natural materials such as paint 
media$ and resins?, with only moderate success. 
It has however been used very successfully in 
identifying the medium of the faked Vermeers as 
a phenol-formaldehyde resin. 


2.1.6 High performance liquid 
chromatography 


Liquid-liquid chromatography has already been 
alluded to. This was used to some extent 
originally as a preparative technique, but its 
adoption as a reliable analytical tool has only 
come about recently with the development of 
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new methodology, particularly the necessary 
high-pressure, pulse-free pumps; extremely fine 
and uniform particle size (3-10 4m) column 
packings, with bonded stationary phase; and the 
microbore columns. 

It is to these newer techniques that the name 
high performance (or high pressure) liquid 
chromatography (HPLC) is applied. The 
strength of the method lies in its applicability to 
all soluble compounds, but it is used mainly for 
those which are too involatile, however 
derivatized, to be separated by GLC. 

The general layout of an HPLC system is not 
dissimilar to that for gas-chromatography except 
that, since nearly all separations are carried out at 
ambient temperature, no oven is called for. 
Columns are now always of metal and are often 
very short. A wide variety of column packings is 


Frequency Wavelength 

(Hz) (m) 
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Figure 2.2 The electromagnetic spectrum 
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now available and these are not confined simply 
to liquid-liquid systems: there are also liquid- 
solid and ion exchange systems. 

With bonded phases it is possibly more 
realistic to consider these also as liquid-solid 
systems rather than liquid-liquid. Reversal of the 
phases, with the less polar as the stationary phase, 
is common and even preferred as it allows for 
greater flexibility in adjustment of the 
composition of the mobile phase (and hence 
retention times) which often consists of water- 
miscible solvents with water. 

With so-called ‘conventional’ LC, columns 
may be 15-30cm in length with solvent flow 
rates of 0.5-2 ml/min. ‘Fast’ LC uses very short 
columns 5-10cm long and flow rates of 2- 
4 ml/min. In a microbore system columns are 
commonly 50-100cm long, only 1mm in 
internal diameter, and have flow rates of only 10— 
100ul/min. 

Detectors for eluted compounds have proved 
to be more difficult to develop than was the case 
with GLC and no really sensitive universal type 
has appeared. Detection is usually based on 
changes in refractive index (impracticable with 
gradient elution, i.e. when there is progressive 
change of solvent composition), or ultraviolet 
absorption. Most compounds have some 
ultraviolet absorption and can thus be detected 
but as the absorption coefficients differ from 
compound to compound, it is difficult to obtain 
quantitative results. The wavelength used for 
detection is commonly variable and visible light 
absorption detectors are also available. In some 
newer instruments there are facilities for 
recording the UV/visible spectra of peaks, so 
further aiding identification. 


2.2 Spectrometric methods 


Visible light is but a very small part of the e/ectro- 
magnetic spectrum which ranges from long 
wavelength radio waves at one end, through the 
infrared, visible, and ultraviolet to X-rays and 
gamma and cosmic rays of very short wavelength 
at the other (Figure 2.2). 

The extent to which these forms of radiation 
can be absorbed by matter is dependent on 
chemical structure. Their absorption, or selective 
absorption, has consequences both for the 
absorbing material and for the radiation. The 
material which absorbs the radiation is raised in 
energy content and may consequently undergo 
chemical change. This will be discussed in 
Chapter 11. 

The radiation which has undergone selective 
absorption is changed in that it now lacks, or is 
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diminished in, the absorbed wavelengths. It is 
this modified radiation, the absorption spectrum 
(actually, of course, the sransmission spectrum: the 
two are reciprocal), which gives clues to the 
structure of the absorbing material and so forms 
the basis of spectrometric methods of 
examination. 

The principal spectral regions, which are 
selectively absorbed by organic compounds in 
revealing ways, are those of visible light and the 
neighbouring infrared and ultraviolet bands. 
These bands, or rather that part of them for 
which measurements are practicable (and useful), 
cover the wavelengths between 200nm in the 
ultraviolet through to about 25 H in the infrared. 

The various units of measurement which may 
be encountered are related to each other as 
follows: 


1/wavelength = wavenumber = frequency /speed 
of light 


1/À — y — v[c 


When Å is in m (metres); V in m-! (per metre); v 
in Hertz (cycles per second), and ¢ in ms7} 
(metres per second) we have for example: 


1/(5 x 1077) =2 x 108 = (5.996 x 105)/(2.998 x 108) 


for green light of wavelength 5 x 10-7 m. 

In practice metres are not often used for 
wavelengths as the result is cumbersome. 
Ultraviolet and visible light wavelengths are now 
generally expressed as nanometers, nm (10-? m). 
However other units have often been used in the 
past and will still be encountered. They are: 


zi 
millimicron (m4) — 1 nm —10-?m 
Angstrom (A) = 10-1 nm = 10-1? m 


'The wavelength of the green light of the above 
example is therefore usually given as 500 nm. 
Because the wavelength of infrared radiation is of 
the order of a few microns, infrared spectra are 
most commonly calibrated in these units rather 
than the less convenient nanometers. 

The relationship between wavelength and 
energy of radiation? is a simple one namely: 


€ = hy = held. 


where 7 is Planck's constant (6.62 x 10-*4joule 
sec), ¢ the velocity of light (ms-?) v the 
frequency (in Hertz) and Å the wavelength (in 
metres). This gives the energy, & of a single 
quantum of light of the specified wavelength in 
joules, the official unit of energy of the SI system. 

However just as bond energies are almost 
always given per mole (1 mole — gram molecular 


micron (H) — 103? nm 


weight of substance), rather than per molecule, 
so energies of particular wavelengths are often 
similarly expressed. The concept of ‘mole’ here 
implying a number of quanta equal to the 
number of molecules in a mole of substance, 
namely Avogadro’s number N (=6.02322 x 
1023), 


E = Nhy = Nhe[À. 


Inserting values for the constants this comes 
down to 


E = 1.196 x 105/À (kJ mol- !) 


where / is expressed in nm. 

Bond strengths are still mainly reported in the 
organic chemical literature in kcal mol-!. 
Including the conversion factor for kjoules to 
kcals the formula becomes 


E = 2.857 x 10/4 (kcal mol- !) 


2.2.1 Infrared spectrometry 


Infrared radiation comprises the invisible, but 
sensible radiation which we can detect coming 
from hot objects. We feel it because the matter of 
which we are composed absorbs it (selectively) in 
the same way as organic materials undergoing 
examination by infrared spectrometry absorb it. 

The total energy of a molecule is made up of 
the sum of the bond (i.e. electronic) energies plus 
the kinetic energies associated with vibrational 
or rotational motions of the various component 
parts of the molecule. The vibrational energy 
levels are of the same order as those of the easily 
measurable infrared radiation band between 
about 2.5 to 2541 (readily calculated from the 
formula above as being from 11.4 to 
1.14 kcal mol-!) and they can therefore be 
excited by the absorption of such radiation. 

Infrared spectrometers now available are of 
two types. The older and less expensive type, 
which is still most generally used, is dispersive; 
the new type is non-dispersive. The meaning of 
these terms will become clearer as they are briefly 
described below. 

Conventional dispersive instruments are set up 
as follows. Infrared radiation from a suitable 
glowing source is split into two beams by 
mirrors: the sample and reference beams. The 
sample, suitably prepared (see below) is placed in 
the sample beam path and the infrared radiation 
which passes through it is then dispersed 
according to its wavelength by means either of a 
prism of non-infrared absorbing material 
(sodium chloride is still commonly used) or a 
diffraction grating, 

By rotating either the dispersal device or a 
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suitable mirror placed in the light path, together 
with use of a suitable slit, it can be arranged that 
only a very narrow band of the dispersed 
radiation reaches a detector at any one time, 
sequentially from one end of the spectrum to the 
other. This detector measures the intensity of this 
band (as compared with the same band in the 
reference beam) and records the result as a plot of 
percentage transmission (or absorbance) against 
wavelength/wavenumber. 

In non-dispersive instruments, known as 
Fourier-transform infrared spectrometers!, the 
infrared which has passed through the sample is 
not dispersed but caused to be changeably out of 
phase with the reference beam by reflecting it 
from a moving mirror. Recombined with the 
reference beam it produces a low frequency 
interference pattern, or interferogram, which 
contains full intensity/frequency information for 
the spectrum. This can be extracted in the 
familiar form by a mathematical procedure, 
carried out rapidly by computer, known as 
Fourier transformation. This method is much 
quicker than the former. Multiple spectra can be 
accumulated and averaged (so eliminating 
random noise) so that very small samples can still 
be made to yield good spectra. 

Samples for dispersive infrared can be 
prepared in several ways. Samples for Fourier 
transform infrared need little or no preparation. 
Soluble materials can be examined in solution in 
suitably non- (or little-) absorbing solvents. 
Insoluble material can be ground up with 
dispersant, such as liquid paraffin, to form a mull 
which is then confined between rock salt plates. 
However the most common and convenient 
method is to grind the sample very finely in an 
agate mortar with dry potassium bromide and 
press the resulting homogeneous powder in a 
small hydraulic press to form a semi-transparent 
disc, commonly referred to as a KBr disc. 

'The immense value of infrared spectra to the 
practising organic chemist is to give information 
on functional groups present when determining 
the structure of a new compound. The 
absorption bands to be expected of particular 
groups are now well established and tables of 
these are to be found in the specialized literature 
of the subject. The reverse —the attribution of 
every band in the spectrum to a functional 
group —cannot always be done because of spread 
and overlap of bands. 

The infrared spectrum of a compound is 
unique to it though naturally compounds of a 
homologous series will differ only marginally 
one from another. Compounds may therefore be 
identified by comparing their spectra with those 
of likely known compounds and this is the basis 
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for attempting to identify organic raw materials 
in this way. 

Unfortunately the infrared spectrum of a 
complex mixture gives so many absorption 
bands that they often overlap to the point of 
yielding only broad envelopes of absorption with 
few distinctive features. This is exemplified in 
Figure 2.3 which shows infrared spectra of a pure 
compound, hydroxydammarenone I, which is a 
constituent of dammar; fresh dammar resin; and 
material from an old oxidized dammar varnish 
film. 

Despite this limitation, infrared spectra of 
some classes of museum material are useful for 
analysis. Stable materials such as beeswax, for 
example, give a characteristic spectrum even 
when thousands of years old. But infrared is 
probably at its most useful in identifying 
synthetic materials, such as those used in 
conservation, for these generally have charac- 
teristic spectra which often permit identification 
without further tests. Large catalogues of 
infrared spectra exist which makes the search for 
possible matches quite easy, while authentic 
materials are also freely available for running 
standard spectra. 


2.2.2 Ultraviolet and visible spectrometry 


The relatively low energies required to excite 
vibration and rotation in molecules correspond, 
as we have seen, to wavelengths in the infrared 
region. To break bonds within the molecule, or 
to excite the electrons involved in formation of 
those bonds to higher energy levels without 
necessarily breaking them, requires higher 
energies corresponding.to the shorter wave- 
lengths falling in the visible and ultraviolet 
regions. 

Visible light is usually thought of as lying 
between roughly 380 and 700 nm (blue to red). 
Ultraviolet radiation lies between 10 and 380 nm 
but for purposes of studying absorption spectra 
only that part of this which is not absorbed by 
quartz (of which optical components of the 
spectrometer are made) need be considered, 
namely from 200 to 380 nm, the near ultraviolet. 
It can be simply calculated that absorption of 
light in the far ultraviolet region, say at 150 nm, 
involves energies of about 185 kcal per mole. 
This is well in excess of even the strongest bond 
energies in organic compounds (page 136) and 
can result in the emission of electrons and the 
rupture of the bonds. At the lowest end of the 
quartz ultraviolet, say at 200 nm, the energy is 
about 140 kcal per mole while at the beginning of 
the visible, at 400 nm, it is about 70 kcal per mole. 

What kinds of electronic transitions do the 
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Figure 2.3 Infrared spectra of (top to bottom) hydroxydammarenone I (a dammar constituent); fresh dammar 


resin; dammar from a fifty-year old film. 


While characteristic bands attributable to individual components can still be observed in the fresh resin, in the 
aged sample increased complexity of the mixture has lead to a general blurring. 


energies of ultraviolet and visible wavelengths 
correspond to? The answer depends on the 
status of the electrons involved: non-bonding or 
bonding and, if the latter, then the kind of 
bonding. Single valence bonds are known as 
sigma (greek g) bonds and the electrons involved 
as sigma electrons. Being of high energy such 
bonds absorb only in the far ultraviolet, and 
consequently compounds containing only sigma 
bonds show no measurable ultraviolet or visible 
spectra. The non-bonded electrons of hetero 
atoms — oxygen, nitrogen, halogens, and 
sulphur—are known as z-electrons. These are 
less firmly bound than sigma electrons and can be 
raised to an activated state by absorption of 
ultraviolet, in some cases in the near ultraviolet, 
but again these absorptions are weak and of little 
consequence. 

The electrons involved in formation of a 
double bond are of two types: a pair of sigma 
electrons as in saturated compounds and a second 
pair which are known as m-electrons. A full 
discussion of z-bonding belongs to molecular 
orbital theory but from the point of view of 


electronic spectra it suffices to say that n- 
electrons are more loosely bound than sigma 
electrons, and progressively more so as the extent 
of conjugated unsaturation gets greater. This 
means that the energies required to excite these 
electrons to activated states (higher orbitals) 
becomes progressively less; light absorption 
moves into the near ultraviolet and, with highly 
unsaturated systems, into the visible region. 

Isolated double bonds have maximum 
absorption still just within the far ultraviolet at 
about 180 nm. This is very strong however and 
the peak slopes down into the near ultraviolet — 
the so-called ‘end absorption’ observed with all 
unsaturated compounds. Conjugated dienes 
absorb in the near ultraviolet: butadiene at 
217 nm and cyclohexadiene at 256 nm. 

As is evident from these two examples, the 
actual position of the maximum is affected by a 
host of structural factors such as configuration 
and the nature of substituents. It should also be 
said that the absorptions due to electron 
transitions actually occur at very specific 
wavelengths to give sharp bands. Unfortunately 
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there are separate such absorptions for every 
vibrational and rotational level of the molecule, 
which results in so many bands that they merge 
to form a broad envelope. 

With lengthening conjugated systems 
absorption finally gets into the visible region and 
the compound is, in consequence, coloured. The 
polyene carotenoid pigments, for example, are 
bright yellow or orange due to their absorption 
maxima in the blue region. Thus -carotene 
(structure 2.1), with a total of eleven conjugated 
double bonds, has maxima at 483 and 452 nm ( in 
light petroleum). Coloured compounds result 
also from conjugation with other types of 
unsaturated groupings, such as ketones, and in 
other ways as will be seen in the discussion of 
pigments and dyestuffs (page 121). 

Ultraviolet spectra rather rarely prove of value 
in the examination of old museum materials as 
the spectra, broad from the start, become still less 
informative in admixture. Visible spectra do 
however find application to the study of 
coloured compounds: obviously for identifi- 
cation of dyestuffs on textiles but also for the 
difficult identification of those adsorbed on inert 
support and used for painting, known as lake 
pigments!!. 


2.2.3 Fluorescence spectrometry 


When electrons are excited to higher energy 
levels by the absorption of ultraviolet or visible 
light the enhanced energy may subsequently be 
dissipated in different ways. It may result in 
chemical change; it may simply be lost as heat; or 
it may be re-emitted as radiant energy of longer 
wavelength than the original exciting radiation. 
When this re-emitted radiation is in the visible 
region the result is known as luminescence or, 
more commonly, fluorescence. 

The fluorescence of many materials under an 
ultraviolet lamp is a well-known phenomenon 
and many attempts have been made to use it as a 
roughly diagnostic method. More careful 
measurement of the actual visible spectrum of the 
fluorescence of museum materials, both organic 
and inorganic, has also been made!? though 
unfortunately these spectra tend to be rather 


broad and featureless bands with maxima which 
do not allow clear identification of the substrates 
by observing them. 


2.2.4 Nuclear magnetic resonance 
spectrometry (NMR) 


This technique has yet to demonstrate great 
usefulness for the analysis of natural materials 
and so can be given only the briefest of 
descriptions here. It involves the interaction of 
atomic nuclei with very high frequency radio 
waves. Certain nuclei, among them those of 
hydrogen and the carbon isotope of atomic 
weight 13 (1C), have a charge which spins about 
the axis of the nucleus, generating a magnetic 
dipole. If subjected to a strong magnetic field this 
dipole will normally be aligned in a parallel 
(stable) orientation to this field but will ‘flip’ to 
an antiparallel (high energy, unstable) 
orientation by the absorption of energy from 
radiation of suitable frequency. In practice radio 
frequencies in the 60-220 MH region provides 
the energy required (which is directly 
proportional to the strength of the applied 
magnetic field). 

The precise frequency (for a fixed magnetic 
field) at which the nucleus absorbs energy (or 
resonates) depends upon its molecular environ- 
ment (i.e. the amount of ‘shielding’ by 
surrounding groups) but the differences are very 
small, protons in different positions ranging over 
about 1000 H (at 60 MH). By scanning over this 
range (Or, in practice, by scanning the magnetic 
field) a spectrum of resonances is obtained which 
provides information on the types and positions 
of hydrogen atoms in a molecule. The 
information being particularly useful for those 
on, or adjacent to, double bonds. 

As is readily appreciated, the method is of 
enormous help in determining molecular 
structures but it is of limited use with complex 
mixtures. However it has been applied to the 
identification of waxes!?, and also hydrolyzed 
archaeological fat samples!'5, 13C magnetic 
resonance using a special technique known as 
*magic angle spinning' has proved to be of value 
in the study of intractable, highly polymeric 
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materials, for example the insoluble bulk of 
ambers, both Baltic!’ and that from the 
Dominican Republic!$. 


2.2.5 Mass spectrometry 


The method of mass spectrometry, especially 
when combined with a separation method such 
as gas chromatography, is probably the most 
powerful tool available to the analyst of organic 
materials. It is a method different in kind from 
those just described and the term spectrometry, 
as applied to it, is probably a misnomer. 

In essence energy, in the form of a stream of 
electrons, is applied to the vaporized compound 
under examination which becomes ionized. This 
ion (the molecular ion) is commonly unstable and 
undergoes partial breakdown into a pattern of 
fragment ions which, separated according to 
mass and measured in intensity, form the so- 
called mass spectrum. Such a spectrum gives 
valuable clues to the structure of an unknown 
compound and can also be used as a fingerprint 
for the identification of compounds whose 
spectra are already known. 

Although simple in concept, mass 
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spectrometry in practice requires complex and 
expensive apparatus including, for maximum 
benefit, a computer for control of instru- 
mentation and for data storage and handling. As 
there are many textbooks devoted to mass 
spectrometry practice, the apparatus will only be 
very briefly outlined here. 


2.2.5.1 The spectrometer 


A mass spectrometer is shown diagrammatically 
in Fzgure 2.4. It consists of three regions: the 
source with its associated sample inlet system, the 
analyser region, and the electron-multiplier 
detector. A system of backing and diffusion 
pumps maintains a low pressure within the 
spectrometer. 

Sample introduction may be either of solid 
sample via the direct insertion probe, the sample 
being then vaporized by heating or, more 
usefully, directly from the outlet of a gas 
chromatography column. In either case sample in 
the gas phase diffuses into the ionization 
chamber where it is bombarded by a highly 
collimated stream of electrons, the energy of 
which may be varied. 
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Figure 2.4 Diagram 
of a mass spectrometer 
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At a certain energy level the sample will 
become positively ionized (by loss of an 
electron), and at higher energy levels 
fragmentation as well as ionization will occur. 
The positive ion fragments are directed out of 
the chamber by means of a repeller electrode 
maintained at a positive potential and the ion 
beam is then focused and accelerated by a 
potential of several kV into the analyser region 
where separation by mass occurs. 

A double focusing system employing both 
electrostatic and magnetic fields ensures that 
each ion mass in turn is brought to focus on the 
detector over a short period. Typically at a rate of 
1 second per decade (faster on some 
instruments), i.e. one second from mass 1000 to 
mass 100; another second for mass 100 to mass 
ten. With an interscan time of say one second, 
mass spectra can be obtained every three seconds 
or so, thus easily coping with compounds rapidly 
emerging from a gas chromatograph. The 
detector takes the form of an electron multiplier 
working on a cascade system with gain up to 108. 
The spectra obtained by this procedure are 
known as clectron impact spectra. 


In another method, known as chemical 
ionization, ions are produced via the 
intermediacy of an ionized reagent gas, 


commonly methane, butane, ammonia, etc. This 
is a more controlled and gentler method and 
fragmentation of the sample is normally less. In 
consequence, a molecular ion (or rather pseudo- 
molecular ion resulting from addition of the 
ionized reagent gas) can commonly be obtained 
in cases when it might be entirely absent in the 
electron impact spectrum. 


2.2.5.2 Output and data handling 


It is not intended to describe here the method by 
which the ion masses are actually measured 
except to say that the instrument is first 
calibrated against a standard substance, the 
masses of whose spectrum, with their intensities, 
are exactly known. In the course of a single gas 
chromatographic run more thana thousand mass 
spectra may be obtained, each of these consisting 
of up to four or five hundred masses with their 
intensities. 

To obtain and handle these data requires a 
computer and a mass storage device such as a 
cartridge or Winchester disc drive unit. Once 
recorded, the body of data may be handled in 
many ways: it may be examined spectrum by 
spectrum in a number of different formats; used 
to construct chromatograms out of total ion, or 
selected ion currents; subjected to library 
searching to attempt to match spectra to those of 
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known compounds, and so on. Examples of the 
application of mass-spectrometry to art materials 
have been published!7!8 and some appear in 
Chapter 12. 


2.2.6 Other instrumental methods 


A number of other methods have found 
occasional use for organic museum materials but 
their use is not so generalas to justify an extended 
description. One method is differential thermal 
analysis, which observes the occurrence of phase, 
or other changes in a material as it is heated. This 
method has been applied to the study of oil paint 
samples!??9, objects made of Japanese lacquer?!, 
the deterioration of paper??, and the study of 
papyrus?3, 

The apparatus consists essentially of a very 
sensitive calorimeter capable of detecting endo- 
or exothermic responses in the sample as it is 
heated, and these are plotted against 
temperature. In the oil paint studies referred to 
above, samples of paint of between 0.2 and 
0.9 mg were large enough for study. It was found 
that heating in nitrogen did not give a 
characteristic thermogram but that in an oxygen 
atmosphere a sharp exothermic reaction 
(presumably an oxidation) was observed at 
around 400° with old (100 years) oil paint. With 
recent paint this maximum was weak, being 
largely replaced by a maximum at around 300°. A 
plot of the ratio of the heights of these two 
maxima against the logarithm of the age of the 
paint was essentially linear, allowing an estimate 
of age for unknown samples. 

The reliability of such an estimate is, however, 
wholly dependent on the sample definitely being 
oil paint, free from ground layers and varnish. Its 
dependence on the nature of the pigment present, 
or the effect of solvents from recent cleaning and 
restoration, have yet to be fully elucidated. 

The technique known as electron spin resonance 
Spectroscopy (ESR; otherwise known as electron 
paramagnetic resonance spectroscopy) is of rather 
restricted application since it gives information 
on the presence, and chemical environment, of 
free radicals. It therefore finds applications in the 
study of radical polymerization, and of pyrolytic, 
oxidative and other radical degradative reactions 
occurring in organic materials. Despite their 
chemical reactivity free radicals are often able to 
survive in polymers and ESR has been used to 
detect these in amber and also to show that the 
amounts increase some tenfold when amber is 
ground up finely?1 5, 

Breaking of polymer bonds by mechanical 
forces is a well known phenomenon and is, 
indeed, put to use as in the mastication of rubber 
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to reduce its molecular weight. It should be 
noted that the ESR spectra in the papers cited 
yielded no evidence of the structures of the 
radicals or of the polymers from which they were 
formed. 

ESR has also been used in studies of the 
photodegradation of cellulose and, in this case, 
the results were rather more informative2®. No 
free radicals were detected with light of 
wavelengths longer than 340 nm though they 
were formed when light sensitizers were present, 
for example traces of ferric salts which form a 
complex with cellulose absorbing at 360 nm. It 
proved possible to analyse the composite 
spectrum obtained in terms of known spectra of 
particular free radical types and to suggest 
degradation mechanisms. In another paper? the 
formation of radicals in different forms of 
cellulose was examined and it was concluded that 
chain scission occurred mainly in amorphous 
regions and probably largely on the surface. 


References 


1. HEFTMAN, E., ‘History of chromatography’, in 
Chromatography: a Laboratory Handbook of 
Chromatographic and Electrophoretic Methods, 3rd 
ed. (Ed: E. Heftman), Van Nostrand Reinhold 
Co., New York (1975), 1-13 

2. KECK, S. and PETERS, T., ‘Identification of protein- 
containing paint media by quantitative amino 
acid analysis’, Std. Conserv., 14 (1969), 75-82 

3. CONSDEN, R., GORDON, A. H. and MARTIN, A. J. P., 
*Qualitative analysis of proteins: a partition 
chromatographic method using paper’, Biochem. 
J., 38 (1944), 224-32 

4. JAMES, A. T. and MARTIN, A. J. P., ‘Gas—/iquid 
partition chromatography. A technique for the analysis 
of volatile materials’, Analyst, 77 (1952), 915-31 

5. JAMES, A. T. and MARTIN, A. J. P., *Gas-liquid 
partition chromatography: the separation and 
micro-estimation of volatile fatty acids from 
formic acid to dodecanoic acid’, Biochem. J., 50 
(1952), 679-90 

6. ROGERS, G. Dew.,.‘An improved pyrolytic 
technique for the quantitative characterization of 
the media of works of art’, in Conservation and 
Restoration of Works of Art (Ed: N. Brommelle 
and P. Smith), Butterworths, London (1976), 93- 
100 

7. WHITE, R., ‘A review, with illustrations, of 
methods applicable to the analysis of resin/oil 
varnish mixtures’, ICOM Committee for 
Conservation Report 81/16/2, 6th Triennial 
Meeting, Ottawa, 1981 

8. BREEK, R. and FROENTYJES, W., ‘Application of 
pyrolysis gas chromatography on some of Van 
Meegeren’s faked Vermeers and Pieter de 
Hooghs’, Stud. Conserv., 20 (1975), 183-9 

9. RANBY, B. and RABEK, J. F., Photodegradation, Photo- 
oxidation and Photostabilization of Polymers, John 


10. 


11: 


13. 


14. 


15. 


20. 


ile 


22. 


23. 


24. 
25. 


26. 


Wiley and Sons, London and New York (1975), 
p- 1 e seq 

LOW, M. J. D. and BAER, N. S., ‘Application of 
infrared Fourier transform spectroscopy to 
problems in conservation. I. General principles’, 
Stud. Conserv., 22 (1977), 116-28 

KIRBY, J., “A spectrometric method for the 
identification of lake pigment dyestuffs’, National 
Gallery Tech. Bull., 1 (1977), 34-45 

DE LA RIE, E. R., ‘Fluorescence of paint and 
varnish layers (Part I)’, Stud. Conerv., 27 (1982), 1— 
7; Part II, żbid, 27 (1982), 65-9; Part III, sbid, 27 
(1982), 102-8 

CASSAR, M., ROBINS, G. V., FLETTON, R. A. and 
ALSTIN, A., 'Organic components in historical 
non-metallic seals identified using !3C-NMR 
spectroscopy’, Nature, 303 (1983), 238-9 

BECK, C. W., FELLOWS, C. A. and MACKENNAN, E., 
‘Nuclear magnetic resonance spectrometry in 
archaeology’, in Archaeological Chemistry, ACS 


Advances in Chemistry Series no. 138, 
Washington D.C. (1974), 226-35 
LAMBERT, J. B. and FRYE, J. s, ‘Carbon 


functionalities in amber’, Science, 217 (1982), 55-7 
LAMBERT, J. B., FRYE, J. S. and POINAR JR., G. O., 
‘Amber from the Domican Republic: Analysis by 
Nuclear Magnetic Resonance Spectroscopy’, 
Archaeometry, 27 (1985), 43-51 

WEISS, N. and BIEMANN, K., ‘Application of mass 
spectrometric techniques to the differentiation of 
paint media’, in Conservation and Restoration of 
Pictorial Art (Ed: N. Brommelle and P. Smith), 
Butterworths, London (1976), 88-92 

MILLS, J. S. and WHITE, R., ‘Organic mass- 
spectrometry of art materials: work in progress’, 
National Gallery Tech. Bull., 6 (1982), 3-18 
PREUSSER, F., ‘Study of works of art and culture by 
differential thermal analysis. I. Age determination 
of oil paint samples’, J. Therm. Anal., 16 (1979), 
277-83 

PREUSSER, F., ‘Differential thermal analysis of 
paint samples’, ICOM Committee for Conservation 
Report 78/20/2, 5th Triennial Meeting, Zagreb 
(1978) 

TOSHIKO, K., “Studies on analysis of Japanese 
lacquer (III). Application of differential thermal 
analysis’ (in Japanese), Science for Conservation, No. 
19 (1980), 15-19 

BLANK, M. G., FLYATE, D. M. and LOTSMANOVA, E. 
M., ‘The forecasting of the longevity of paper, 
comparison of methods’, ICOM Committee for 
Conservation Report 81/14/5, 6th Triennial 
Meeting, Ottawa (1981) 

BAYER, G. and WIEDERMANN, H. G., ‘Papyrus: the 
paper of Ancient Egypt’, Analyt. Chem., 55 
(1983), 1220A-30A 

URBANSKI, T., ‘Formation of solid free radicals by 
mechanical action’, Nature, 216 (1967), 577-8 
URBANSKI, T., ‘Degradation of amber and 
formation of free radicals by mechanical action’, 
Proc. R. Soc. Lond., A325 (1971), 377-81 

HON, N.-S., ‘Formation of free radicals in 
photoirradiated cellulose. VIII. Mechanisms’, J. 
Polymer Sci. Polymer Chem. Edition, 14 (1976), 
2497-512 


y CC-0. UP State Museum, Hazratganj. Lucknow 


Digitized by Sarayu Foundation Trust, Delhi and eGangotri 


27. HON, N.-S., ‘Formation of free radicals in 
photoirradiated cellulose and related 
compounds’, J. Polymer Sci. Polymer Chem. Edition, 
14 (1976), 2513-25 


Bibliography 
Separation methods 


BLAU, K. and KING, G. (Editors), Handbook of Derivatives 
for Chromatography, Heyden, London (1977) 
KIRCHNER, J. G., Thin-Layer Chromatography, 2nd 
ed., Wiley Interscience, New York (1978) 
LITTLEWOOD, A. B., Gas Chromatography. Principles, 
Techniques, and Applications, 2nd ed., Academic 
Press, New York and London (1970) 

MCFADDEN, W. H., Techniques of Combined Gas- 
chromatography| Mass-spectrometry: Applications in 
Organic Analysis, Wiley Interscience, New York 
(1973) 

PIERCE, A. E., Silylation of Organic Compounds, Pierce 
Chemical Co., Rockford, Ill. (1968) 

STAHL, E., Thin-Layer Chromatography. A Laboratory 
Handbook, 2nd ed., Allen and Unwin, London 
(1969) 


Spectrometric metbods 


BELLAMY, L. J. The Infra-red Spectra of Complex 
Molecules, 3rd ed., Chapman and Hall, London 
(1975) 


Bibliography 25 


BELLAMY, L. J., The Infra-red Spectra of Complex 
Molecules. Volume Two, Advances in Infrared Group 
Frequencies, 2nd ed., Chapman and Hall, London 
(1980) 

GILLAM, A. E. and STERN, E. S., An Introduction to 
Electronic Absorption Spectroscopy in Organic 
Chemistry, 2nd ed., Edward Arnold, London 
(1957) 

HAMMING, M. C. and FOSTER, N. G., Interpretation of 
Mass Spectra of Organic Compounds, Academic 
Press, New York and London (1972) 

RANBY, B. and RABEK, J. F., ESR Spectroscopy in Polymer 
Research, Springer-Verlag, Berlin (1977) 

ROBOZ, J., Introduction to Mass Spectrometry, Wiley 
Interscience, New York (1968) 

SADTLER, The Infrared Spectra Atlas of Monomers and 
Polymers, Sadtler Research Laboratories, 
Philadelphia (1980) 

SILVERSTEIN, R. M. and BASSLER, G. C., Spectrometric 
Identification of Organic Compounds, John Wiley and 
Sons, New York and London (1963) 

SOCRATES, G., Infrared Characteristic Group Frequencies, 
John Wiley and Sons, Chichester, New York, 
Brisbane and Toronto (1980) 

WALLER, G. R. and DERMER, O. C. (Editors), Biochemical 
Applications of Mass Spectrometry — First Supple- 
mentary Volume, John Wiley and Sons, New York 
(1980) 


CC-0. UP State Museum, Hazratganj. Lucknow 


Digitized by Sarayu Foundation Trust, Delhi and eGangotri 


3 


Oils and fats 


Oils and fats are familiar materials forming, as 
they do, an important part of the normal human 
diet. In addition to their use as food they have 
been used, since antiquity, as illuminants, a base 
for perfumes, and in ointments for medical and 
cosmetic purposes. Materials for religious ritual 
and burial practices would also often incorporate 
fatty matter. Thus, they are often encountered in 
an archaeological context as residues in vessels 
and on sherds. 

The subgroup formed by the drying oils is of 
basic importance to coatings technology in 
general and to western painting in particular. 
'The chemistry of fats, while simple in essence, 
becomes more complicated and less precise when 
the question of ‘drying’, or polymerization is 
entered into. 


3.1 Composition 


There is no essential difference between oils and 
fats except that, at normal temperatures, the 
former are usually liquid and the latter solid. It 
should be remembered though that the animal 
fats, which we think of as solids, will be liquid at 
the body temperature of the animal. Chemically 
the fats are defined as mixtures of mixed 
triglycerides, that is to say esters of the trihydric 
alcohol glycerol with a range of possible long 
chain fatty acids. 

Fats form the major subgroup of the larger 
class of fatty acid esters known as /ipids, the 
definition of which sometimes extends to include 
other fat-soluble compounds also. The physical 
and chemical properties of individual fats are 
determined by the kinds and proportions of the 
fatty acids which enter into the triglyceride 
composition. 


26 


3.1.1 The fatty acids 


While the range of fatty acids which can be found 
in fats is large, most triglycerides are made up 
from relatively few of them, more especially the 
straight chain acids with eighteen carbon atoms. 
The series of saturated straight chain acids has 
already been shown in Table 7.3 (page 10). The 
more important ones are repeated in Table 3.1 
together with the unsaturated acids and a single 
hydroxy acid, ricinoleic acid (a major component 
of castor oil). The carbon atoms of a straight 
chain fatty acid are numbered, starting with the 
carboxyl group carbon as number one, and in the 
systematic names of the unsaturated acids the 
position of each of the double bonds is indicated 
at the start of the name by giving the lower 
number of the two carbon atoms bearing them. 
Thus linoleic acid is 9,12-octadecadienoic acid 
and has structure 3.1. 

Itis easily seen that the double bonds can have 
cis or trans configurations (see page 3). In the 
structure above they are shown as c/s which is the 
usual, but not invariable, configuration found in 
the natural acids and the one to be assumed if not 
specified in the name. 

The introduction of unsaturation into the 
molecule lowers the melting point from that of 
the corresponding saturated acid. This property 
is communicated to the triglyceride and hence 
the fat incorporating it. This is the main reason 
for the liquidity of vegetable oils as opposed to 
animal fats: they contain higher proportions of 
the unsaturated triglycerides. An index of the 
total amount of unsaturation in a fat is the /odine 
number, a measure of the amount of iodine which 
will chemically react with it by addition across 
the double bonds. This used to be, and is still toa 


CC-0. UP State Museum, Hazratganj. Lucknow 


Digitized by Sarayu Foundation Trust, Delhi and eGangotri 


Table 3.1 Major fatty acids of oils and fats 


Composition 27 


Formula Systematic Common M.p. 
name name *X€ 
C12H,40; Dodecanoic Lauric 44 
(Wis HOF Tetradecanoic Myristic 54 
CigH3202 Hexadecanoic Palmitic 63 
C,H 3,02 9-Hexadecenoic Palmitoleic 0.5 
CygH 3,05 Octadecanoic Stearic 70 
CigFl340, 9-Octadecenoic Oleic 16 
CisH PO 9,12-Octadecadienoic Linoleic —5 
CigH3905 9,12,15-Octadecatrienoic Linolenic —11 
18H 3905 cis Frans, trans-9,11,13-Octadecatrienoic X-Elaeostearic 49 
218 H 3403 12-Hydroxy-9-octadecenoic Ricinoleic 


Ic ssl 
HOOC—C—C—C (9 C 
i} 


C—C—C—C—C—H 
|14 [15 [16 fir [18 


Jot def lets det Jal 


Structure 3.1 


lesser extent, an important characterizing feature 
of oils and fats, particularly drying oils. 

The doubly unsaturated linoleic acid and the 
triply unsaturated linolenic acid are the 
compounds principally responsible for the 
drying properties of drying oils. It should be 
noted that they are not conjugated dienes and 
trienes respectively but they can easily become so 
by isomerization. This occurs in the early stages 
of the drying process, as observed by the 
development of ultraviolet absorption at a 
wavelength of 233 nm (conjugated diene) and 
268 nm (conjugated trienc). 

The fatty acid compositions of a number of 
oils and fats are summarized in Tab/e 3.2. Within 
the partly arbitrary groupings of fat, edible oil, 
semidrying, and drying oil, differences of 
composition are largely quantitative rather than 
qualitative. Only rarely is an oil uniquely 
distinguishable by the presence of particular fatty 
acids. A typical example is castor oil, which 
contains large quantities of the hydroxyoleic 
acid, ricinoleic acid. The pattern as a whole 
however may be distinctive, as for example with 
coconut oil. This could probably be confused 
only with that of palm kernel oil of similar 
composition. 

It should not be supposed that composition of 
a particular oil remains perfectly constant. It can 
vary fora number of reasons. Amongst these are: 
strain or variety of plant"?; nature of the soil; 
season of harvesting or variation in weather 
conditions*5. Equally, the determination of such 
compositions is subject to experimental error and 


variation due to the use of different measurement 
techniques. 

The results in Table 3.2 are all based on gas- 
chromatography but many of the figures in the 
older texts were obtained using other, less 
accurate, methods. A number of valuables 
studies of linseed have served to show how 
composition varies from strain to strain and with 
season. The latter mainly affects the extent of 
unsaturation, but this in turn affects the ratios of 
palmitic and stearic acids since increased amounts 
of the unsaturated acids diminish the proportion 
of stearic acid. 


3.1.2 Triglyercides 


While the composition of oils and fats is usually 
discussed in terms of the percentages of the 
individual fatty acids entering into their 
composition, these are actually present combined 
with the trihydric alcohol glycerol to give esters, 
known as triglycerides, of the following general 
formula: 


O 
H Il 
HC—O—C—R! 
T 
HC—O—C—R? 
n 
HC—O —C—R3 
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Table 3.2 Fatty acid compositions of some oils and fats 


8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 Others 
Olive tr 8-18 2-5 56-82 4-19 0.3-1 
Sunflower tr 5-6 4—6 17-51 38-74 tr 
seed 
Coconut 5-9 6-10 44-52 13-19 8-11 1-3 5-8 1-2 
Poppyseed 10 2 11 72 5 
Walnut 3-7 0.5-3 9-30 57—76 2-16 
Linseed tr 6—7 3-6 14—24 14-19 48-60 
Hempseed 6-7 2-3 12-17 55-65 14-20 elaeostearic 
Perilla 7 2 13 14 64 59% 
Tung 3 2 11 15 3 ricinoleic 
Castor 1-2 1-2 3-6 4—7 83-89% 
Pig 1-2 20-28 13-16 42-45 8-10 0.5-2 
Beef tallow 2-3 23-30 14-29 40-50 1-3 0-1 
Mutton 6 26 30 30 1:5 0.2 
tallow 
Cows’ milk 1-2.5 2-3 2-3 9-11 22-30 11-15 25-31 1-2.5 1-2.5 
Hens' eggs tr 27 9 44 13.5 0.5 


The headings, 18:0, 18:1, etc. indicate chain lengths: number of double bonds. These data were all obtained by gas- 
chromatography, and are from several sources notably T. P. Hilditch and P. N. Williams, The Chemical Constitution of Natural 
Fats and D. Swern (Editor), Bailey's Industrial Oil and Fat Products (sce Bibliography). For several oils there are few reliable data 


and it is not possible to give a range of compositions. 


Much work has been done, and several theories 
formulated, to predict the way in which fatty 
acids are distributed between the triglyceride 
molecules$. It was discovered at an early stage 
that they are not usually present as simple 
triglycerides —triolein, tripalmitin, etc. —but 
theories of even distribution (each fatty acid 
distributed over as many triglyceride molecules 
as possible) and random distribution (fatty acids 
distributed randomly through the triglycerides) 
were equally found often not to fit 
experimentally determined triglyceride 
compositions. As can be seen, the hydroxy 
groups of glycerol are not all equivalent for there 
are two primary hydroxyls and one secondary to 
each molecule. 

Another theory of fatty acid distribution’ is 
that the unsaturated acids are attached 
preferentially to the secondary position and any 
left over, together with the saturated acids, are 
distributed in a random manner between the 
primary positions. In fact, this results in a 
calculated triglyceride composition not far 
removed from random and again does not agree 
with that actually found for linseed oil, for 
example, for whicha still further amended theory 
has been presented®, 

For present purposes, however, it is important 
to remember that the number of possible 
different triglycerides is very much greater than 
the number of component fatty acids. For 


example, with only three fatty acids fifteen 
different triglycerides can be made, assuming 
that the two primary hydroxyl groups are 
considered as chemically equivalent. With more 
fatty acids the number of possibilities goes up 
rapidly: with the five fatty acids of linseed oil 
there can be thirty-five triglycerides. 

The resulting complexity means that analysis 
of a fat for specific triglyceride composition is a 
much more difficult task than analysis for fatty 
acids and one which has only been incompletely 
effected for most of them. The task is difficult 
not only on account of complexity but also 
because the fairly high molecular weight of 
triglycerides makes them difficult to analyse by 
gas-chromatography on account of their low 
volatility. We shall therefore here consider fats 
largely in terms of their fatty acid make-up. 


3.2 Chemical properties of fats 


The chemical properties of fats are determined by 
their principal structural features, namely the 
presence of the triple ester function in each 
molecule, and the possible presence of reactive 
double bonds. The presence of fatty acids 
containing two or more double bonds confers on 
the molecule the high susceptibility to oxidation 
characteristic of the drying oils which will be 
discussed below. Conversely, absence of double 
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bonds results in relative stability to oxidation, 
and this is true of many purified saturated animal 
fats. 

The presence of the ester groups means that 
the molecules may be broken down to the 
component glycerol and fatty acids by the 
processes of saponification or hydrolysis. The 
term saponification refers to treatment of the fat 
with aqueous alkali — caustic soda or potash (i.e. 
sodium hydroxide or potassium hydroxide, 
NaOH, KOH)—to yield the sodium or 
potassium salts of the fatty acids (soaps) and 
glycerol. Hydrolysis refers to the reaction 
whereby the splitting is carried out either with 
water alone, which requires much higher 
temperatures, or in the presence of catalytic 
amounts of mineral acid, both processes yielding 
free fatty acids. 


3.3 Changes in buried fats 


Fatty materials found in vessels, in graves, and 
buried in the soil are usually found to have been 
completely converted to frec fatty acids, all the 
glycerol resulting from hydrolysis having, 
presumably, been washed away by water. How 
this conversion takes place is not entirely settled. 
It might be expected that hydrolysis would be 
effected by water alone, given a sufficient length 
of time, but in fact it appears that the change 
comes about, or comes about much more 
quickly, through bacterial action. 

The materials most studied have been those 
deriving from human fats, known as adipocere, 
and the material sometimes found buried in 
Scottish and Irish bogs, known as bog butter® 10, 
The latter has a composition high in saturated 
fatty acids, mostly C,, and C,4, with amounts of 
monounsaturated C,, acid (oleic) much reduced 
from that typical of two possible contenders for 
the original material, butter and mutton fat. 

Disappearance of unsaturated acids might be 
expected, but less explicable is an apparent 
increased ratio of palmitic acid to stearic acid in 
the bog butter. Experiments have shown that 
butter and mutton fat, incubated with water 
containing small amounts of nutrient chemicals 
and soil microorganisms in a virtually anaerobic 
environment, rather quickly (a year or two) 
undergo the changes indicated above. 

An extensive series of experiments was carried 
out by den Dooren de Jong!! on the conversion 
of olive oil to an adipocere-like material by water 
and bacteria under eventually (though not 
initially) anaerobic conditions. He demonstrated 
that the proportion of palmitic acid in the 
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resultant material had greatly increased and that 
this was, apparently, formed from oleic acid since 
it also resulted from the similar conversion of 
pure triolein (the triglyceride formed from 
glycerol and oleic acid only). A number of pure 
cultures, notably of Staphylococcus spp. and 
Proteus spp., were also able to effect the 
conversion which took place very rapidly, i.e. in 
a few weeks. 

How this conversion of oleic to palmitic acid 
takes place, involving loss of two carbons and 
saturation of the double bond, is far from 
obvious. There is no simple chemical route but 
apparently such reactions are commonly 
encountered in lipid metabolism. The suggested 
route involves first hydrolysis to free acid by 
lipases associated with certain bacteria (oxygen 
seems to be necessary for this) ; dehydrogenation 
to give the «f -unsaturated acid (the x-carbon is 
that to which the carboxylic acid group is 
attached ; the fj-carbon is the next along the chain 
etc.); oxidative scission at this double bond to 
give the acid with two fewer carbon atoms; 
hydrogenation of the original double bond. 

However, there are problems with this 
explanation. The oxidation at the position two 
carbons from the carboxyl group (f-oxidation) is 
well-known as a part of the metabolism of fatty 
acids but it does not usually stop until the whole 
chain has been degraded!*. Furthermore attack 
commonly takes place ata double bond when one 
is present, as here, and the apparent reduction of 
this here is without explanation. Clearly further 
investigation is called for. 

These bacterial changes were quite 
temperature dependent, being slow at low 
temperatures. Recently it has been shown that 
1000-year old fat samples from a frozen midden 
in the Yukon had not undergone very extensive 
changes in the fatty acid composition, which still 
involved quite large proportions of oleic and 
other unsaturated acids!?. Nonetheless the fatty 
acids were almost entirely free, indicating that 
simple hydrolysis does occur in time under wet 
conditions. 

Some archaeological samples indicate that 
complete hydrolysis does not necessarily take 
place. The contents of two Roman glass bottles, 
which contained water as well as fat residues, 
consisted of mono and diglycerides as well as free 
fatty acids!!, and a similar result was reported for 
an emulsified fat in another Roman bottle. A 
significant amount of oleic acid was still present 
in the latter example and this was true also for 
remains of olive oil in the walls of amphorae 
recovered from the ground!*!* though here it 
was not determined how far hydrolysis had 
proceeded. 
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The contents of a broken Egyptian jar (sixth 
century BC) also contained free fatty acids!*, 
though in what proportion to glycerides was not 
determined. In this case, shorter chain 
dicarboxylic acids such as azelaic acid (see below) 
were also found. 


3.4 Drying oils and drying 


An oil is able to ‘dry’, that is to say polymerize to 
a semi-solid, only if it has a sufficient content of 
di- or triunsaturated fatty acids in the makeup of 
its component triglycerides. On average, there 
have to be at least two reactive centres within 
each triglyceride molecule, which would be 
achieved in a theoretical oil which contained 66% 
of linoleic acid. In practice both linoleic and 
linolenic acids are found together and the sort of 
composition which results in satisfactory drying 
may be assessed from Table 3.2. 

The extent to which the monounsaturated 
oleic acid takes part in the polymerization 
reactions is uncertain. It is definitely gradually 
oxidized, but probably does not get incorporated 
into the polymer network except perhaps 
occasionally as an end group. 

Drying oils which have found most use in 
western European painting practice are linseed, 
walnut, and poppyseed. Other oils which have 
been mentioned in the early literature, but for 
which there is no certain evidence of use, are 
hempseed (from Cannabis sativa) and pinenut oil 
(from the edible seeds or ‘nuts’ of the umbrella 
pine, Pinus pinea L.). The evidence of analysis 
(page 143) suggests that linseed oil was used in 
northern Europe from the 13th Century at latest; 
on its introduction into Italy in the 15th Century 
oil painting seems mainly to have been effected 
using walnut oil but use of linseed became more 
general in the 16th Century!®. 

The time when oils were first used in painting 
is quite unknown. Linseed oil was well known to 
the ancient Egyptians, as flax was grown for 
spinning into linen, but according to Lucas?? 
there is no evidence that the oil was ever used by 
them for painting. Equally, although walnut and 
poppyseed oils were known in the Greece and 
Rome of classical times, there is no mention of 
their use in painting. 

The writings of Theophilus?!, in the 12th 
Century, are the first to refer to the use of oil for 
tempering colours but earlier still, in the 6th 
Century, a medical writer named Aetius 
mentioned drying oil as a varnish for finished 
aintings??, Eastlake?? pointed to the evidence of 
the Close Rolls (records of royal expenditure) for 
the purchase of large quantities of ‘painters’ oil’ 


to be used for the work on the decoration of St. 
Stephen's Chapel, a part of the Palace of 
Westminster, in the 14th Century and the 
paintings have indeed been found to be in oil?*, A 
remarkable series of early Norwegian works of 
art, including altar frontals and polychrome 
sculpture, are also painted in oil, probably 
linseed?5 28, 

Other drying oils are produced by trees and 
plants native to other parts of the world and some 
have a long history of local use. Thus perilla and 
hempseed oils are both mentioned in a Japanese 
document of AD 8839. Perilla oil was probably 
the kind used in an early (8th Century) technique 
of oil painting in Japan in which lead was 
incorporated as drier?*?!, Chia oil from the seeds 
of Salvia hispanica was used as a paint medium in 
Mexico during the Spanish colonial period??. 

Some exotic oils, such as Tung (‘China wood 
oil’), Perilla and Oiticica, have been produced on 
a large scale for commercial use in the 20th 
Century. Other oils, such as tobacco seed, are of 
recent introduction as is the use of modified 
natural oils such as dehydrated castor oil. 


3.4.1 Mechanism of drying?” 


The gradual conversion of a liquid oil through a 
soft gel to a rubbery solid occurs as a result of a 
Sree radical chain reaction. Since oils are mixtures of 
compounds their drying is not explicable in 
terms of a simple and uniform reaction scheme 
such as may be the polymerization of pure 
monomers such as vinyl acetate. What can be 
indicated are the types of reactions which may 
occur and the kinds of bonds formed; also the 
concurrent oxidation reactions which take place 
which are degradative in nature, leading to the 
production of small molecules. In practice, there 
also exist factors which influence the course of 
the drying reaction, suchas the influence of light, 
the presence of different metal ions from the 
pigments, the thickness of the film and hence the 
availability of oxygen, and the extent of 
prepolymerization of the oil. 

The bonds between carbon and hydrogen are 
very strong and a high energy must be 
transmitted to the molecule in order to break 
them. The amount of energy required —the bond 
dissociation energy—is dependent upon the 
structure of the molecule as a whole but 
particularly on the immediate molecular 
environment of the bond in question. It becomes 
less as the carbon atom carrying the hydrogen 
has more links to other carbon atoms rather than 
hydrogens, that is to say (see page 2) when the 
hydrogen is at a tertiary rather than at a 
secondary or primary position. Thus for 
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methane, CH,—H, it is 427k]mol-!, for 
primary hydrogens as in ethane CH,CH, —H it is 
410, for secondary hydrogens, as in isopropane 
(CH3)J,CH — H, it is 394, and for tertiary 
hydrogens as in t-butane (CH4)4C —H, it is 377. 
These are still high energies and they mean that 
for these compounds bond breaking occurs only 
at very high temperatures. 

Proximity to double bonds also results in 
lowering of bond dissociation energy, down to 
322 kJ mol-! for propylene, CH,—CHCH;,—H. 
Sull lower values obtain for the hydrogen atoms 
situated on the methylene group between two 
unconjugated double bonds though exact figures 
do not seem to be available. This is the position 
with the unsaturated fatty acids with which we 
are concerned —linoleic and linolenic acids —the 
former having one, the latter two such methylene 
groups. 

The first step in the drying process is usually 
thought of as the abstraction of a hydrogen atom 
from such a position to yield a free radical: 


—CH=CH —C'H —CH-CH — 


How this abstraction occurs initially is still open 
to question; there are many possible ways. Its 
continuation seems fairly clear however for 
reactive radicals are formed which can effect the 
abstraction as will be seen below. The radical 
above is stabilized by delocalization or 
resonance, behaving as if it were a mixture or 
hybrid of the above with the two rearranged 
radicals with conjugated double bonds: 


—C'H—CH--CH —CH-—CH — 


and 
Cn CH CH- OE OI 


These free radicals are very reactive and several 
reaction paths are open to them. Most favoured 
is the reaction with the oxygen of the air, if this is 
freely available, to yield the intermediate peroxy 
radicals : 


—CH=CH — (B —CH=CH — 


OO- 
— CH — CH=CH —CH=CH — 
OOo* 
— CH=CH —CH=CH —CH — 


OO* 


These in turn can abstract a hydrogen atom from 


another molecule of unsaturated acid (so 
propagating the reaction) to give the 
hydroperoxides: 
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— CH=CH — CH — CH=CH — 
OOH 

—CH—CH=CH — CH=CH — 


OOH + 
— CH=CH —CH=CH —CH — 


| 
OOH 


These reactions propagate the chain but without 
resulting in any linking together of the 
triglyceride units. This can occur in several ways. 
The peroxy radicals can, instead of abstracting 
hydrogen, add to double bond systems, 
especially conjugated double bonds: 


R—OO:4 —CH=CH—CH=CH—CH,— -> 
— CH —C-H —CH=CH —CH, — 
OOR 


to givea dimer linked by a peroxy group, the new 
radical being able to rearrange and/or react 
further in the various ways open to it. Likewise, 
similar addition to double bonds can occur with 
alkoxy radicals, produced by homolysis of 
hydroperoxides or peroxides, to yield dimer 
formed by single oxygen (ether) bridging links: 


R!OOR? — R'!O*+R?0* 
RIO: + —CH—CH —CH=CH —CH,— —> 
—CH-— C*H — CH=CH —CH, — 
OR! 


Vinyl polymerization can also take place, carbon 
radicals formed as explained above adding 
directly to double bonds in the same way as the 
alkylperoxy or alkoxy radicals: 


R'--—CH-—CH-GH-CH-CH,— ——> 
debe eee O 
R 


The newly formed radical goes on to react in the 
same or other ways. It is not thought that any of. 
these linking up reactions go on to produce very 
long polymer chains, as occurs in the regular 
polymerizations of vinyl monomers. However, 
as will be explained below, it is not necessary for 
the production of the three dimensional polymer 
network that they should. The chain reactions 
are terminated by formation of non-radical 
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products, either by reaction between two 
radicals, thus: 


R*+ R° — RR 
R*+ ROO” —» ROOR etc. 


or, occasionally, by oxidation of carbon radicals 
to carbonium ions by transition metal ions in the 
film, the ion then losing a proton to re-form a 


double bond: 


M** 4 R—CH-CH,-R —> 
M* +R—CH*—CH,—R —> 
R—CH=CH—R +H* 


The relative proportions of the three types of 
linkage produced —carbon-carbon, ether, and 
peroxy —is not known. The proportion varies 
with conditions and will not remain constant. 
The carbon-carbon and ether linkages are 
probably stable but the peroxy linkages can split 
to two alkoxy radicals and react further as 
explained above. 

The above reactions have been discussed in 
terms of individual fatty acids and it has been said 
that linking together rarely proceeds beyond the 
point of forming dimers or possibly trimers. 
Clearly if individual acids were in fact involved 
this could never lead to a three-dimensional 
cross-linked network: but it is not individual 
acids but triglycerides which are involved and 
each triglyceride has two or three unsaturated 
fatty acids to each molecule. Thus, after 
formation of a triglyceride dimer using up one 
fatty acid chain from each molecule, the dimer 
will still retain from two to four remaining 
unsaturated fatty acid chains to continue the 
dimerization process. 

If two of these dimers then link together to 
give a tetramer then this will have between two 
and six unsaturated fatty acid chains remaining, 
i.e. it is as least as well, and can be much better, 
equipped to continue the dimerization process. 
This assumes only dimerization: if reaction 
chains are longer and go on for three or more 
stages then the result is even more favourable to 
the development of a highly cross-linked 
network. 


3.4.2 Factors affecting the drying process 


The foregoing account of the drying mechanism 
is a simplified one and leaves out many 
possibilities and much unexplained; the chain 
initiation mechanisms, in particular, remaining 
uncertain. 


It is known that certain oils, such as tung oil, 
which contain high proportions of acids with 
conjugated double bonds, dry very much more 
quickly than those, such as linseed oil, in which 
the double bonds are initially unconjugated. The 
reasons for this are however, uncertain. Does it 
mean that polymerization can be initiated by 
direct attack of oxygen on the conjugated double 
bonds; or that free radicals are more readily 
formed from them, mediated perhaps by 
transition metal ions; or can activated species be 
formed by light absorption (conjugated dienes 
and trienes absorb in the near ultraviolet). 

Such effects as these have all had their 
proponents. They cannot be considered in any 
detail here but the question of the effects of 
pigments must at least be touched on. 

In the history of painting it was soon 
discovered that some oils dry quicker in the 
presence of certain pigments than others. The 
effect may not be one simply of quicker drying 
rates for basic pigments also serve to ‘mop up’ 
low molecular weight acidic oxidation products 
which otherwise can re-soften the dried film. (An 
effect known as syneresis.) 

The speeding up of drying rate is found 
principally with compounds of the metals 
capable of existing in more than one valence 
state. Cobalt, manganese, and lead are considered 
to be the most active in that order, and 
compounds of them which are oil-soluble, such 
as their naphthenates, resinates, or salts with the 
long-chain fatty acids, are often added to 
commercial oil paints and varnishes to promote 
drying. 

Traditional artists’ pigments are not, of 
course, soluble in the oil paint medium to any 
great extent (with certain exceptions) and any 
promoting effect they may have on the drying 
must presumably start at the pigment/medium 
interface399 38, The reactions which can be 
occurring are exemplified by the following: 


Co?* -ROOH — > Co?* -ROO* -H* 
Co?* TO, —> Coli -OO*- 
OOS FH? — > HOO? 


The first equation shows a typical reaction with a 
hydroperoxide which occurs readily at room 
temperature. The cobaltic ion is reduced to 
cobaltous, splitting the hydroperoxide into a 
hydroperoxy radical and a proton. This system is 
often used in promoting the polymerization of 
certain monomers, the hydroperoxide being the 
so-called initiator, the cobalt or other metal salt 
solution the promoter. 
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In the second equation the cobaltous ion is re- 
oxidized back to cobaltic by atmospheric oxygen, 
an oxygen radical ion being produced. This in 
turn readily reacts with a hydrogen ion, as in the 
third equation, to give a hy droperoxy radical 
which can also initiate chain reactions. 

These are not the only possible reaction routes, 
for cobaltous ion can also promote hydro- 
peroxide decomposition in a different way, thus: 


Co*" +ROOH — Co3* +RO* +OH™ 


This reaction, together with the first of the three 
above, provides a redox (reduction-oxidation) 
mechanism promoting polymerization in closed 
systems without the intervention of oxygen. 

Another possibility is direct oxidation of the 
methylenic groups adjacent to or between double 
bonds as follows: 


Co?* + — CH—CH —CH,— CH=CH EE 
—CH-—CH-—CH-—CH-CH- + Co?* +H* 


Such reactions as these have great energy 
requirement advantages over those involving 
homolysis into two radicals. 

Certain metal ions can also act as chain 
stoppers. It has often been observed that paint 
films containing green copper pigments, 
particularly verdigris (basic copper acetate) 
retain larger amounts of unsaturated com- 
pounds, such as oleic acid, than do paint films of 
the same age containing other pigments?*-:9. The 
mechanism of chain stopping in this case is 
believed to be the single-electron oxidation of the 
carbon radical to a carbonium ion followed by 
loss of an adjacent proton from the chain to give 


back a double bond: 


-CH,— CH-—CH,— + Cu? —> 
—CH,—CH* —CH,— -Cu* —5 
-CH,—CH=CH— +H* 


At the same time these copper compounds seem 
in no way to delay the drying process. Clearly 
there are subtleties here which are not yet 
understood. 

The red pigment vermilion (mercuric 
sulphide) has a marked accelerating effect on 
oxidative degradation of dried oil®*. This 
probably accounts for the increased vulnerability 
to mild cleaning solvents often noticed with areas 
of vermilion paint in early paintings. 
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3.4.3 Antioxidants and inhibitors” 


It is not only inorganic materials which can affect 
the course or speed of drying. Certain classes of 
chemical compounds, notably the phenols, are 
able to react with peroxy or alkoxy radicals, such 
as are formed in the drying process, to give rather 
stable aryloxy radicals which end up dimerizing 
or being further oxidized by oxygen to quinones. 
The free radical chain reactions leading to drying 
(or other autoxidation reactions) are therefore 
effectively stopped, at least until all the phenols 
present are used up 

Compounds of this type are known as 
inhibitors or antioxidants but the class is not 
confined to phenols. They are of enormous 
industrial importance, being added to a wide 
range of products, both edible and inedible, to 
stop or slow down oxidative degradation. 
Various types of phenols are common minor 
components of natural products and they serve 
as natural antioxidants. The initial delay period in 
commencement of drying of drying oils is 
supposed to be due to the presence of these, and 
notably the group of compounds known as the 
tocopherols (vitamin E). 


CH, is CH, 


CH, 


x- Tocopherol 


Phenols are present in tars, and certain other 
materials which are products of pyrolysis. This is 
the probable reason for the poor drying of paint 
films containing carbon black as pigment, as well 
as the bituminous earths such as Vandyck brown. 


3.4.4 Oxidation processes leading to small 
molecules 


During the drving some of the reactions which 
take place lead, not to cross-linking, but to bond 
breaking and the formation of low molecular 
weight degradation products. À major way in 
which this can happen is through alternative 
reaction paths of the hydroperoxide inter- 
mediates. Alkoxy radicals, produced from the 
hydroperoxides in the ways described, can break 
down, as well as add to, double bonds or abstract 
hydrogen from other molecules: 
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— > R—CHO +’R! 


The products are an aldehyde and an alkyl 
radical. The radical can go on to react with 
oxygen or add to double bonds: the aldehyde 
usually gets further oxidized to a carboxylic acid. 
If R represents the glyceryl ester end of the fatty 
acid molecule then the resulting acid is still 
attached to this as the half ester of a dicarboxylic 
acid. If it represents the hydrocarbon end of the 
fatty acid chain then the product is a free 
monocarboxylic acid. 

The chain length of these possible products 
depends on the exact position of the 
hydroperoxy group on the Cy, fatty acid chain. 
Usually it is somewhere more or less in the 
middle and consequently the major products are 
the half esters of the C, dicarboxylic acid, azelaic 
acid, and the C, and C,, compounds, with still 
smaller amounts of the shorter chain 
compounds. 

The most abundant monocarboxylic acid 
product is also the Cg compound, though very 
much less of this and the other monocarboxylic 
acids is found in old oil films than the 
dicarboxylic acids”. 


3.4.5 Yellowing of oil films 


Paint films formed from certain drying oils 
yellow more than others, especially when kept in 
the dark. It is known that oils with a high 
linolenic acid content are particularly prone to 
undergo this. Several structures have been 
suggested as possibly contributing to this yellow 
colour, including diketones and metal salts of the 
enol forms of these: 


n OM 
R—C—C-CH-R! 


M = metal 


oO o 
I ol 
R—C—C—CH,—R! 


It has however been pointed out that these are 
quite weakly chromophoric groups (a chromo- 
phore is a group absorbing in the visible or 
ultraviolet) and the compounds would need to be 
present in quantity to produce the observed 
intensity of colour*s. 

The alternative suggestion was made that 
yellowing in the dark is a superficial reaction 
needing the presence of traces of ammonia, or 
perhaps other amines, in the atmosphere to give 
rise to the formation of yellow compounds 
containing the pyrrole nucleus. Pyrrole itself is 


colourless but readily gives dark autoxidation 
products of uncertain structure. 


N pyrrole 


Other possible chromophores giving a yellow 
colour have also been suggested, for example 
quinoid structures?! which could arise by 
condensation of two diketone molecules: 


o O 
; f 
Re CH,—R Rec — ccm 
OS ==> | | +2H,O 
R'I—CH, C—R! R-C,  C-R! 
pe SG 
I Il 
O 


The yellowing reaction is a slow one while the 
subsequent bleaching, by re-exposure to light, 
occurs very quickly. The cycle of yellowing 
followed by bleaching can be repeated a number 
of times but the extent of yellowing diminishes 
each time*-46, Yellowing reactions also appear to 
result from the interaction of proteins 
(conceivably giving rise to amines) with 
autoxidizing drying oils and consequently are 
particularly liable to occur with protein/oil 
emulsion media. 


3.4.6 Prepolymerized, or stand oils 


Drying oils can be processed in various ways to 
produce materials in which the linking together 
of the triglycerides is already partially effected 
before the oil is put to use. The product is 
naturally more viscous than the raw oils, giving 
rise to the name thickened or bodied oils. The 
nature of the reactions occurring depends on 
whether the bodying is carried out in the 
presence or absence of air. If the former, then 
reactions much the same as those taking place in 
the drying of oil films may be expected, but when 
oils are bodied by heating in the absence of air — 
the usual method of preparing stand oils today — 
then other types of reaction must take place. 

It was long ago proposed that dimerization by 
Diels-Alder type reactions occurs, and this seems 
to have been confirmed in recent years’. A Diels- 
Alder reaction is one between a conjugated diene 
and a compound with a single double bond to 
give a cyclic compound: 
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For this to occur with linolenic or linoleic acid, 
then isomerization of the unconjugated double 
bonds to give some conjugated diene is a 
necessary preliminary to reaction. This occurs 
simply on heating the oil but it is a slow and 
probably rate-controlling step. 

The formation of di- and some trimeric 
products greatly speeds up during the heating 
period, thus in some experiments on the 
formation of stand oil by heating linseed oil at 
300° under nitrogen? it was found that after 6 
hours the oil contained some 49% of polymeric 
glycerides, after 6.5 hours, 57%, and after 7 
hours, 84%. The corresponding viscosities were 
33, 73, and 210 poises respectively. 

As can be seen, the product of dimerization 
contains a single double bond and so could go on 
to react with further diene to give trimer, though 
in fact the evidence is that little of this is formed. 
As well as dimer formation, it has long been 
known that cyclized monomeric acids are formed 
in the heating of drying oils under various 
conditions. 

While most of the experimental work on the 
formation of these has been conducted using 
conditions of alkali promoted isomerization they 
are also known to form due to heat alone 55, 
The precursor of the cyclic monomers is a 
conjugated trienoic acid, and indeed they were 
first noticed in heated tung oil, being formed 
from the conjugated elaeostearic acid. Reaction is 
by a so-called electrocyclic reaction: 


SS—(CH,)xCH, (CH) CH, 
Z7—(CH,)yCOOH (CH,)y COOH 
(CH,)x CH, 
or | 
> (CH,)yCOOH 


where X + Y —10. The position of the diene 
group in the products, which must initially be as 
shown, can shift to others. In about 55% of the 
product from linseed oil, X is 2 and Y is 8. 
The fate of these cyclized acids has not been 
specifically determined but almost certainly they 
go on to be incorporated into the polymer 
network, perhaps first through participation in 
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the Diels-Alder dimerization reaction. Certainly 
they seem not to be detectable after 
saponification of well-dried oil films. 


3.4.7 Drying of stand oils 


Stand oils dry more slowly than raw oils and with 
the uptake of much less oxygen. Thus raw 
linseed oil may absorb some 10 or 12% of oxygen 
by weight compared with about 3% for heat 
bodied oils. The predominance of carbon 
carbon links over carbon-oxygen ones in the 
resulting polymer is probably responsible for the 
more durable qualities of the film formed. 

Other advantages of stand oils accrue from the 
smaller volume changes on drying (resulting in 
less wrinkling) and the lowered tendency to 
yellow (due to the reduction in the linolenic acid 
content). 


3.5 Minor components of oils and 
fats 


In addition to the triglycerides, oils and fats 
usually contain a small proportion, usually less 
than 1%, of so-called non-saponifiables — natural 
compounds which do not react with alkali to give 
water soluble soaps. Considerable attention has 
been given to identifying these in recent years 
and they have also been proposed as a possible 
key to identifying different oils5®& However, 
except in the case of egg fats they are present in 
such small amounts as to be of no particular 
significance, cither as affecting the properties of 
the oil or as identifiers in analysis, at least in the 
case of small samples of dried oils’. 


HO B-sitosterol 


HO cholesterol 


The non-saponifiables of sced oils are usually 
very complex mixtures containing triterpene 
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Table 3.3 Composition of hens eggs (7; 


Com ponent Ege white Egg yolk Whole egg 
Water 88 49 75 
Solids 12 51 25 
Protein 10 16.5 12 
Lipids - 33 11 
Carbohydrate 1 1 1 
Inorganic 0.6 1.7 1 


alcohols (see page 94), methyl sterols, and 
sterols?*. Invariably present, and usually in 
greatest amount, is f-sitosterol. The sterol 
cholesterol is usually found only in vanishingly 
small quantities ; this is the characteristic sterol of 
animals. It is present in large amounts in egg 
yolk, which makes this a convenient place to 
discuss the composition of this complex material. 

The composition of eggs, in terms of broad 
chemical groupings, is shown in Tab/e 3.3. The 
proteins will be discussed in the appropriate 
section. The lipids are made up of triglycerides (c. 
65%), phospholipids (c. 29%), and cholesterol (c. 
5.2%). The cholesterol is thus present to the 
extent of some 0.5% of whole egg, 1.5% in egg 
yolk, or again some 2.5% of dried whole egg 
solids. This is a large amount compared with the 
content of any one sterol in a vegetable oil and 
the scope for using it as an indicator of the 
presence of egg is discussed in another section 
(page 148). 

The nature of the phospholipids must briefly 
be explained. They are, in effect, triglycerides in 
which one of the fatty acid ester groups is 
substituted by a phosphatide group, that is to say 
an ester with phosphoric acid. As phosphoric 
acid is tribasic it may, in turn, be further 
combined with various compounds. When so 
esterified with the strong nitrogenous base 
choline the resulting compound is one of the 
group of compounds called lecithins, the 
hydrous and anhydrous forms of the «-lecithins 
(with the phosphatide group at the primary 
glyceride position) are usually formulated as: 


et di 
HC— OCR! 

Il 
HC—OCR? 


I 
HC—O—P—OCH,CH,N(CH,), 
H TIS 


Compounds such as these are only very minor 
constituents of most vegetable oils and they are 
largely removed during washing or other 
refining procedures. The substantial amounts in 
egg yolk means, however, that this has a 
significant phosphorus content, about 0.5% by 
weight, equivalent to some 0.955 of dried whole 
egg. Tests for elementary phosphorus were 
therefore made a basis for the detection of egg in 
paint media by some early workers?? but this is 
not very reliable because of possible other 
(pigmentary) sources of the element. 

The fatty acid composition of egg yolk (from 
the combined glycerides and phosphatides) is 
included in Tab/e 3.2. 


3.6 Products containing, or derived 
from, fats and fatty acids 


3.6.1 Varnishes 


Until the advent of synthetic materials in the 
1940s and 50s, oil varnishes were the standard 
material for coating interior and exterior 
woodwork, and indeed objects of other materials 
including metals. They will also have been used 
for varnishing paintings until the development 
of distillation, and hence the preparation of oil of 
turpentine (page 83), permitted the intro- 
duction of spirit varnishes containing little or no 
oil. 

The extent to which oil varnishes were also 
used as a painting medium is still a matter of 
doubt, and likely to remain so. The detection and 
estimation of resins, particularly the so-called 
*hard' or polymerized resins, in a dried oil-resin 
varnish is a difficult task which is discussed 
further on page 149. 

Early recipes for oil varnishes were sometimes 
very, and probably impracticably, complex. 
Eventually, however, the recipes generally called 
for a combination of hard resin (by which was 
meant an African or kauri copal or similar 
material) with hot boiled oil and driers. The 
whole was then diluted with oil of turpentine. 

The following two recipes from Hurst’s 
Manual of Painters’ Colours, Oils, and Varnishes will 
exemplify later practice??. They have been 
converted to weight percentages from the 
original measures in pounds and gallons and 
ignore possible losses in weight from the 
‘running’ of the resin and the ‘boiling’ of the oil. 
As can be seen, they contain a very high 
percentage of oil as compared with resin. 


Elastic carriage varnish 
Resin (‘Animé’ or copal) 10% 
Linseed oil 29% 
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Zinc sulphate 0.15% 
Litharge (lead monoxide, PbO) 0.3% 
Lead acetate 0.15% 
Oil of turpentine 60% 
Pale oak varnish 

Resin 9% 
Oil 35% 
Ferrous sulphate 0.3% 
Lead acetate 0.3% 
Litharge 0.3% 
Oil of turpentine 55% 


The procedure for making the varnish was first 
to melt, or ‘run’ the resin by heating it to about 
330° and keeping itat this temperature for half an 
hour or so. Meanwhile the oil was separately 
heated to about 260* and then added to the 
melted resin with vigorous stirring. The driers 
were then added and the varnish ‘boiled’ for 
several hours until it ‘stringed’, i.e. when a little 
between two fingers drew out to a string as the 
fingers were drawn apart. After allowing to cool, 
the mixture was diluted with the turpentine. 

The expression ‘boiling’ refers to the gentle 
apparent ebullition which really was the escape of 
volatile decomposition products of the oil and 
resin produced both by oxidation processes and 
by pyrolysis. After its preparation the varnish 
was allowed to stand, or ‘age’, fora while whena 
certain amount of insoluble matter would sink to 
the bottom. This probably included some of the 
added driers which by no means always dissolve 
completely. The above varnishes were said to be 
very quick drying; some five hours in Summer 
being claimed. 

Although the use of hard resins was always 
said by the later authors to be necessary for the 
best and most durable varnishes, they concede 
tbat the much cheaper pine resin (rosin or 
colophony) could be used with some success for 
varnishes for internal use. One may suspect that 
in practice the temptation to substitute it, in part 
at least, was often not resisted. In early recipes, 
such as those given by Hendrie?!, pine resin is a 
common ingredient. 


3.6.2 Printing ink 


The medium for printing inks has traditionally 
been ‘lithographic varnish’, which is another 
name for boiled oil. Linseed oil was almost the 
only oil to be used until this century. The 
preparation often involved the actual inflam- 
mation of the oil which was allowed to burn for 
some time. Naturally this gave a very dark 
product but this was of no consequence since 
carbon black in some form (usually lampblack) 
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was in any case going to be added as pigment. 
Some resin was also usually incorporated, 
probably generally pine resin. 

In the 19th Century various pitches and tars 
also started to be added to inks for cheaper 
applications, as well as petroleum products as 
diluents. Present day printing inks, which 
include coloured inks, commonly incorporate 
components from the whole gamut of synthetic 
and semisynthetic resins and other materials 
which are now available. 

Inks used for newsprint on very absorbent 
paper often do not dry, in the sense of 
polymerize, but are simply absorbed into the 
fibrous texture of the paper. They also lose 
solvent by evaporation. 


3.6.3 Linoleum and oil cloth?! 


Linoleum is, as its name implies, a product of 
linseed oil. The first linoleum factory was built in 
England in 1864 and the material became the 
dominant flexible floor covering until vinyl 
products displaced it in the 1950s and 1960s. 
Essentially it consists of three components —the 
organic binder; inorganic filler (pigments and 
ground limestone); and organic filler (ground 
cork and wood flour). The binder was made 
from dried boiled oil processed in certain ways 
and then fluxed with about a quarter of its weight 
of resin, usually rosin but sometimes more 
expensive resins such as kauri. 

Oilcloths are of two types. In one type, the 
fabric is impregnated with unpigmented drying 
oil which is then allowed to dry. Until quite 
recently such materials were used in making 
waterproof capes, umbrellas (especially in Japan) 
and the like. In the second type of oilcloth, one 
side of a fabric is covered with a continuous 
coating of pigmented oil— essentially paint —to 
give a washable surface, and such materials were 
used as covers for tables, shelves, etc. The 
painted floorcloths of colonial America were, 
again, just that using, presumably, the available 
paint of the day. 


3.6.4 Putty and plasticine 


Ordinary window putty is sometimes 
encountered in the museum, having been used to 
make moulded or cast objects. It is usually simply 
a mixture of whiting (calcium carbonate) with 
either raw or boiled linseed oil. 

Likewise the modelling material plasticine, 
which hardens only very slowly, is (or was 


originally) a mixture of ‘sulphur with pure 
vegetable oils’®!, 
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3.6.5 Soaps® 


Soaps are the salts of the long chain fatty acids. 
The material generally known as 'soap' is more 
particularly the sodium or potassium salts of 
these in the proportions in which they occur in 
the fat from which the soap is made. Treatment 
of fats with aqueous alkali gives the soluble soaps 
and glycerol: 


C,H,(OOCR), + 3NaOH > 3RCOONa + C,H, (OH), 
triglyceride sodium sodium glycerol 
hydroxide soap 
Soaps, or at least soap solutions, have apparently 
been known since antiquity since the 
saponification process can be effected, though 
very slowly, with potassium carbonate leached 
from wood ashes. Manufacture of soap reached a 
high state of development by the 18th Century 
but it was not until the early 19th Century, with 
the production of cheap caustic soda by the 
LeBlanc process, that its use could become 
common. 

Many metal soaps, suchas those of calcium and 
magnesium, are insoluble in water and so 
precipitate out when soap is used in hard water, 
which contains dissolved salts of these metals, 
with consequent loss of detergency. The 
detergent effect of soap, in common with that of 
other detergents, has many facets but is due 
basically to the fact that the molecule is both 
hydrophobic and hydrophilic. 

Like all salts, sodium and potassium soaps are 
ionized in water solution. At any interface 
between water and immiscible non-polar 
material the molecules align themselves therefore 
with the carboxylate ion in the water phase and 
the long hydrocarbon chain of the fatty acid in or 
towards the non-polar material. This forms a link 
between the two phases resulting in ready 
emulsification or suspension of one in the other. 


3.6.6 Free fatty acids: stearin 


Free fatty acids have been produced 
commercially since the early 19th Century and 
have many uses. The acids are formed when 
soaps are acidified but a more economical process 
is the direct hydrolysis of fats with water9?. This 
can be effected at atmospheric pressure in the 
presence of acid and certain other catalysts 
(Twitchell process) or, with different catalysts, at 
the elevated temperatures (260°) which can be 
achieved under pressure. The product is, of 
course, a mixture of acids in the proportions in 
which they occur in the fat. 

As mentioned earlier, the unsaturated C,, acids 
tend to be liquid at room temperature, and to 
obtain the mixed solid saturated acids (C,, and 


Cis) known as stearin or stearin wax the liquid, 
predominantly unsaturated, acids are squeezed 
out under pressure. 

Stearin wax was, and to some extent still is, an 
important ingredient of certain types of candles. 
It may therefore be encountered as an ingredient 
of wax sculptures and models, either added 
deliberately or because candles were used as a 
source of wax. 

Essentially identical with stearin wax, though 
having different proportions of components, are 
adipocere and bog butter, discussed on page 29. 
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Natural waxes 


The term wax is a rather inexact one which has 
come popularly to mean a material with a *waxy' 
character, that is to say resembling beeswax or 
paraffin wax in being a low-melting, translucent 
solid with a waxy feel. The various materials 
named waxes do not in practice form a chemically 
homogeneous group but what is generally 
understood by chemists as a wax is a material 
containing long chain hydrocarbons, acids, 
alcohols and esters or mixtures of these. Many 
also contain plant sterols and triterpenoids and 
their esters. In distinction from fats the esters are 
not normally formed with glycerol (i.e. 
triglycerides) but rather are compounds of the 
long chain acids and alcohols. Such materials are 
the products of both the animal kingdom 
(particularly the insects) and the plant kingdom 
(they often coat the surfaces of leaves or fruits), 
the latter being also the original source of the 
waxes of mineral origin such as paraffin wax. 

Waxes have found many uses since the earliest 
times, beeswax being almost invariably the one 
employed. The ancient Egyptians used it for 
adhesive and surface coating purposes, and in 
shipbuilding. The Greeks and Romans likewise 
used it as a waterproofing agent and probably 
also as a surface treatment for painted walls. One 
of its most famous uses is as the medium for 
many of the Roman period Fayum portraits of 
Egypt. Its use continued into recent times as a 
modelling or casting material (‘lost-wax’ 
process), as a component of seals and, in the 18th 
and 19th Centuries, as an ingredient of rather 
experimental painting media. Waxes have many 
uses in present-day conservation practice. These 
include the polyethylene glycols, which are dealt 
with under synthetic materials (page 115). 

The basic chemistry of waxes has already been 
adequately covered by the sections on paraffin 


hydrocarbons and fatty acids (Chapter 3). Most 
wax components are fully saturated materials and 
this results in considerable chemical stability. 
The more important waxes will be treated 
individually. 


4.1 Insect and animal waxes 
4.1.1 Beeswax 


Beeswax is actually synthesized by the bees rather 
than collected from plants (as is honey). 
Consequently it is of biogenetically determined, 
and fairly constant, composition. A study of 
eighty samples of Canadian beeswax showed 
only minor quantitative variation in 
composition}, 

The compositions of waxes from different bee 
species or varieties have not been much 
investigated; that from the African bee, Apis 
mellifera adansonii was much the same as that from 
the ordinary A. mellifera but ghedda wax, from 
Asiatic bees, was qualitatively similar but 
quantitatively quite different?. 

Beeswax contains hydrocarbons, free acids, 
and esters? 5. The esters themselves divide into 
several different groups, namely monoesters, di- 
and triesters, hydroxy monoesters and hydroxy 
polyesters. Each of these groups is a mixture of 
several different types which need not concern 
us. The basic composition is shown in Tab/e 4.1. 

After saponification beeswax yields, in 
addition to the original hydrocarbons and free 
acids, further free acids, monoalcohols, diols, and 
hydroxyacids. 

The hydrocarbons range from 25 to 35 in 
carbon number, the major one being C,,. The 
even carbon-number hydrocarbons are present 
only in small amount. The Cy, hydrocarbon is 
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Table 4.1 Composition of beeswax (after 
Tulloch?) 


Component Weight (%) 
Hydrocarbons 14.0 
Monoesters 35.0 
Diesters 14.0 
Triesters 3:3 
Hydroxy monoesters 3.6 
Hydroxy polyesters T 
Free acids 12.0 
Acid monoesters 0.8 
Unidentified 8.6 


Table 4.2 Composition of free and total acids of 
beeswax (after Tulloch?) 


Chain length Whole wax Free acids 
16 59.8 -— 
18 2.6 — 
18:1 4.1 - 
20 1.5 — 
22 13 23 
24 11.9 46.8 
26 4.2 12.3 
28 4.3 12.1 
30 3.8 8.4 
32 3.2 7.8 
34 3.1 8.3 
36 0.2 1.0 


18:1 signifies a chain length of eighteen carbons with one 
double bond (oleic acid). 


said to be accompanied by a proportion of the 
monounsaturated compound while the C; 
hydrocarbon is mostly the unsaturated 
compound, The composition of the free-acid 
fraction is quite different from that of the 
esterified (or total) acids. These are shown in 
Table 4.2. It will be noticed that the free acids 
contain only small proportions of palmitic and 
stearic acids while the total acids contain largely 
palmitic acid but otherwise maximize at C,,. This 
high content of palmitic acid needs to be born in 
mind when interpreting analysis of paint samples 
which may contain small quantities of beeswax. 

Since analysis and identification of waxes are 
conveniently effected by gas chromatography it 
is easiest to consider the composition of beeswax 
in terms of what can be observed on the gas 
chromatogram, for a considerable proportion of 
the original components (about 37%) consists of 
compounds of too high molecular weight, and 
hence too involatile, to pass through the column 
even at quite high temperatures. 


This chromatogram and that of the saponified 
material will be discussed in the section on 
analysis of waxes (page 146). Tulloch has 
published comparative chromatograms of 
beeswax and a number of plant and insect waxes 
after methylation of free acids and acetylation of 
alcohols?.5, 

Beeswax melts at about 64° and, in fact, the 
eighty samples in the study mentioned above all 
melted within the range 63.4—65°. This melting 
point even remains fairly constant withaging and 
was much used as an identifying feature in the 
carly days, a fairly reliable one in the context of 
art and archaeology. 

The infrared spectrum of beeswax is, again, a 
rather reliable and constant characteristic useful 
for the analysis of unmixed samples of sufficient 
size. 


4.1.2 Shellac or lac wax 


This constitutes a small fraction (3-474) of crude 
shellac (see page 101) and is obtained from it asa 
by-product. It contains? only a small proportion 
of hydrocarbons, free alcohols (Cag, C49, C4) and 
C3,, in diminishing quantity), and a wide range of 
esters of carbon numbers from 42 to 68 in two 
broad bands peaking at 44 and 64. 


4.1.3 Chinese insect wax 


Like shellac this is also a product of a Coccus 
insect, C. ceriferus Farb. and it is cultivated in 
China in much the same way. The product 
however is almost pure wax which is melted from 
the twigs and strained. It contains? almost 
entirely esters (c. 83%) of carbon numbers 
between 48 and 60, maximizing at 52. 


4.1.4 Spermaceti wax 


The oil in the head cavity of the sperm whale, 
Physeter macrocephalus L., deposits on cooling 
about 11% of the hard white wax known as 
spermaceti. How long it has been known and 
used is not certain; presumably for as long as 
whaling has been carried out. 

In England it was already used in medicine in 
the 15th Century, and until recently was still used 
in ointment bases and cosmetics. It has also been 
used in candles, and was the material for the 
standard one candle-power candle. Being of 
lower melting point than beeswax (about 44°) yet 
harder it often entered into the composition of 
modelling and casting waxes, at least from the 
17th Century. 

The literature usually suggests that spermaceti 
consists largely of cetyl palmitate, cetyl alcohol 
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being the Cy, alcohol as palmitic acid is the Cy, 
acid, but in fact the composition is more complex 
than this. The gas chromatogram of the wax 
shows four main peaks and several minor ones, 
and probably these are not homogeneous. After 
saponification and methylation the acids were 
shown? to be from C, to Cig, with Cy. the major 
one and lesser amounts of the higher acids. 
The peaks of palmitate and stearate were broad 
but homogeneous as regards mass spectra, as if 
they might include branched chain esters of the 
same molecular weight. The major alcohols were 
Cis C and Cy, in that order but the odd 
numbered Cs, Cis, and C,, were also present. 


4.1.5 Lanolin or woolwax 


Wool from unwashed sheep contains a 
considerable proportion (10-24%) of greasy 
matter as well as a smaller percentage of salts of 
long chain fatty acids. After isolation during the 
scouring of the wool or by solvent extraction 
followed by further purification, the product is 
known as hydrous or anhydrous lanolin 
depending on its water content. 

The complex chemistry of lanolin has received 
fairly extensive study as it is an important by- 
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product of the wool industry. After saponifi- 
cation the product consists of about 50% each of 
acids and non-saponifiable compounds. The 
acids consist? of long chain alkanoic acids, both 
straight chain and branched, and hydroxy acids. 

The  non-saponifiable matter consists 
principally of the sterol cholesterol and the 
triterpenoid lanosterol, with smaller amounts of 
long chain alcohols and diols. The acid value of 
lanolin is quite low and its saponification value 
quite high, consequently the sterols and 
triterpenes must be largely esterified with the 
acids, though this has not been investigated in 
detail. 

The chromatogram of lanolin after 
saponification and methylation is shown in 
Figure 4.1. Quite possibly not all of the higher 
molecular weight materials are eluted and some 
decomposition and loss of sterols and 
triterpenoids may also have occurred. 


4.2 Plant waxes 


There are large number of waxes which have 
been collected from plants but they are mostly of 
fairly recent utilization. Only a few of the more 
important need be described here. 
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Figure 4.1 Capillary gas chromatogram of lanolin after saponification and methylation. 

Most of the main peaks are of saturated long chain fatty acid esters of the carbon numbers indicated (C;,, Cys, 
etc), both straight chain, iso, and anteiso though which is which here has not been ascertained (they have very 
similar mass spectra). The major peak, labelled diol? is of MW 286 and may bean octadecanediol. Chol. and Lan. 


are cholesterol and lanosterol. 
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4.2.1 Carnauba wax 


Several genera of palms yield waxes; the most 
important being carnauba wax from the New 
World Copernicia cerifera, growing mostly in 
Brazil. The wax coats the leaves, which are partly 
shredded and then beaten to release it as a 
powder, subsequently purified by melting and 
filtering. The wax is quite often used in modern 
conservation practice to add to beeswax to give a 
harder, higher melting mixture for use in relining 
and for other purposes. Carnauba is particularly 
important as an ingredient of wax polishes. It 
may often, in commerce, be adulterated with 
other, less expensive, waxes particularly paraffin. 

Carnauba contains triterpenes and esters of 
long chain alcohols and acids of rather higher 
carbon number (maximizing at 56 carbons) than 
those encountered in beeswax so that the 
presence of one in the other is easily detected by 
gas chromatography? 9?. It also contains a high 
proportion (50%) of material too involatile to be 
observed during gas chromatography. This is 
said to consist of polyesters of hydroxy acids and 
diols and derivatives of p-hydroxy- and p- 
methoxycinnamic acids!?., 


4.2.2 Ouricuri wax 


This is another South American palm wax of 
rather uncertain botanical origin. It has similar 
properties to carnauba, the presence of small 
quantities of it considerably raising the melting 
point of paraffin wax, and itis put to similar uses. 

Its composition*-!! is somewhat similar to that 
of carnauba and it contains some 6% of 
triterpenes including lupeol acetate, taraxerol 
acetate, lupenone and taraxerone. 


4.2.3 Candelilla 


This wax coats plants of Euphorbia spp. growing 
in Mexico and the Southern United States. It has 
been used with other waxes to harden them 
without much raising the melting point. It 
contains hydrocarbons, particularly C4, rather 
low proportions of esters, and some 
triterpenoids?*. The non-volatile part (37%) may 
include triterpenoid esters. 


4.2.4 Esparto wax 


A number of canes, reeds, and grasses yield 
waxes but the only one likely to be encountered 
in the present context is esparto wax. This is 
obtained as a by-product in the preparation of 
esparto grass, Stipa tenacissima, for paper- 
making. Tulloch has remarked that it seems to be 


a variable product®. He shows a chromatogram 
indicating the presence of hydrocarbons, small 
amounts of esters and the C,, alcohol, plus 
unidentified triterpenoids. 

A sample examined by White® lacked 
hydrocarbons and appeared to consist largely of 
sterols or triterpenes (as the observable volatile 
components). 

Recently a curious theory has been advanced, 
unsupported by evidence from analysis, that the 
Punic wax referred to by Pliny was in fact esparto 
wax!?, 


4.2.5 Japan wax 


A wax in name only, Japan wax is really a fat or 
‘vegetable tallow’ found between the kernel and 
outer skin of the berries of Rhus species, 
including those which yield Japanese lacquer. It 
contains a high proportion of palmitic acid 
triglycerides and also glycerides incorporating 
long chain dicarboxylic acids including the Co 
and C,, compounds. It is much used in Japan to 
make candles. 


4.2.6 Jojoba oil 


A true liquid wax obtained from the bean-like 
seed of the jojoba, Simmondsia spp., abundant in 
Mexico and the Southern United States. It 
contains esters derived largely from mono- 
unsaturated acids and alcohols especially the Cao 
and C,, straight chain compounds. 

Said to have been used by the Indians as a hair 
dressing, it has become important in recent years 
as a substitute for sperm whale oil. 


4.3 Fossil and earth waxes 
4.3.1 Ozokerite and ceresine 


Deposits of waxes are found in lignite beds in 
various parts of the world but more important 
are the earth waxes found at considerable depths 
and mined more or less like coal. Deposits of 
these are found in Galicia (Spain), the 
Carpathians (Romania) and several other parts of 
the world. 

A purified and decolourized material obtained 
by treatment with sulphuric acid and then with 
animal charcoal is known as ceresine wax, 
though this name has also come to be applied to 
similar materials from petroleum and other 
sources and even, apparently, to mixtures 
prepared with a view to imitating its properties. 
It is thus probably not of consistent composition 
but it certainly consists wholly of saturated 
hydrocarbons which, in some samples, range 


CC-0. UP State Museum, Hazratganj. Lucknow 


O_o LIII 


Digitized by Sarayu Foundation Trust, Delhi and eGangotri 


Detection and identification of waxes 45 


Microns 


2.5 3.0 40 50 
100 — 


80 


o 
o 


n 
o 


Transmittance (56) 


20 


0 — — 


60 7.0 8.0 90 10 12 14 16 


3500 3000 2500 2000 


1800 1600 


1400 1200 1000 800 625 


Wavenumber (cm-!) 


Figure 4.2 Infrared spectrum of beeswax (film from the melt). 
The twin bands at 720 and 730 cm-! are characteristic for long hydrocarbon chains. The carbonyl absorptions 
at c. 1711 and 1738 cm- ! are from free carboxylic acid and from esters respectively 


from about C, to about C4, and maximize 
(variably) between Cy, to Cg even carbon 
numbered compounds being equally important 
with the odd®. 


4.3.2 Peat waxes 


Waxes extracted from peat, which is material in 
the early stages of coal formation, are less 
degraded than really old paraffin waxes and so 
still consist largely of esters and free acids. 

Montan wax, mainly from Czechoslovakia, is 
the most important such product but the name is 
also applied more generally to similar materials 
from other countries. It has to be extensively 
chemically treated to render it sufficiently 
colourless for use, and as it can only be obtained 
by solvent extraction it does not havea very long 
history of use. Its chemistry relates to that of 
bitumen and coal and is discussed further on page 
54. 


4.3.3 Paraffin wax 


These are fractions from the distillation of 
petroleum and they come in various grades 
having different melting point ranges, between 
about 52° and 57°. Fully refined paraffin wax is a 
perfectly white translucent material familiar from 
its use for making household candles since the 
second half of the last century. 

The hydrocarbon composition seems to cover 
a wider range than that of ceresine, the amounts 
of the higher molecular weight materials falling 
off less sharply. Higher molecular-weight 
hydrocarbon fractions tend to crystallize out as 


very small crystals and such materials form the 
basis of the so-called ‘microcrystalline waxes’. 


4.4 Detection and identification of 


waxes 


Waxes were among the first organic materials to 
be identified with reasonable certainty from 
among samples from classical antiquity. Some 
materials of a 4th Century encaustic painter were 
discovered in 1850 and the great French chemist 
Chevreul identified the presence of beeswax 
among them using simple tests of solubility and 
melting point. 

Lucas reports many identifications of beeswax 
from Egyptian objects using similar methods. It 
seems to have been employed as an adhesive, in 
embalming practice, and in the construction of 
wigs. 

In recent years, first infrared spectroscopy!’ 
and later gas chromatography® were adopted as 
analytical methods. The infrared spectrum of 
beeswax (Figure 4.2) changes little through 
oxidation though sometimes partial hydrolysis 
can occur with samples exposed to groundwater. 
Several samples from diverse sources (Egyptian 
sarcophagus, Roman candle, mediaeval wax seal) 
all looked much the same" but a lump of material 
from the 7th Century Anglo-Saxon Sutton Hoo 
ship burial showed reduced  ester-group 
absorption relative to that due to free acid!5. 
Infrared spectra also served to identify the 
materials of appliqué brocade materials in some 
polychrome wooden sculpture as being either in 
pure beeswax or in a beeswax/resin mixture!®, 
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The material of wax sculptures from the 17th, 
18thand 19th Centuries was likewise identified as 
usually pure beeswax!’, 

The wax which had been used in the 1930s to 
impregnate Mantegna's paintings The Triumphs 
of Caesar, at Hampton Court, gave spectra 
indicative ofa mixture of paraffin wax with lesser 
amounts of beeswax and also a small proportion 
of Venice turpentine (see page 89)!. Infrared 
also served to identify beeswax on the surface of a 
Central Asian wall painting and as the medium of 
a Russian icon!®!9. Tt has likewise been used?? to 
identify beeswax in 18th Century Italian 
paintings on canvas carried out in a 
reconstruction of the ancient — encaustic 
technique. 

Gas chromatography allows the examination 
of much smaller samples than infrared 
spectroscopy and also permits identification of 
mixtures of small amounts of one wax in another, 
as exemplified by a variety of samples including 
wax models, Fayum portraits and surface 
coatings?. Gas chromatography—mass 
spectrometry has been used as a very sensitive 
method of detecting beeswax in the mixed media 
used by the English 18th Century painter George 
Stubbs?!, 

Even mass spectrometry by itself has been 
applied to wax analysis, notably for the 
identification of beeswax in the bust of 
Nefertiti??, while 13C-nuclear magnetic resonance 
was used for analysis in the case of mediaeval wax 
seals??, 

Other interesting findings of beeswax are: 
mixed with calcium carbonate (originally calcium 
oxide?) as a unique cement in a 5th Century BC 
Greek bronze head?! and, perhaps mixed with 
resin, in an ancient Egyptian wig”. 
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Bituminous materials 


This chapter covers bitumen, asphalt, tar, and 
pitch, as well as harder, related materials such as 
coal. These terms have been very loosely used 
and the classification has been vague and 
confused. Now however they are usually placed 
in two broad categories, subdivided: 


Natural products 
I. Bitumen, asphalt 
II. Pyrobitumens: peat, lignite and coals 
Artificial products made by pyrolysis of wood, coal, 
or resin 
III. Tars (distilled) 
IV. Pitches (undistilled) 


The chemistry of these materials is of the greatest 
complexity and as yet far from completely 
established. A knowledge of it is necessary for 
anyone attempting their identification by 
analysis but to outline it here with any degree of 
completeness would be out of proportion to 
their importance in the field of art and 
archaeology. Nonetheless the identification and 
uses of materials of this type have been the 
subject of considerable controversy in the past, 
particularly as concerns their use in mummifi- 
cation, and the history of this dispute has been 
interestingly reviewed!. The question seems 
never to have been fully resolved, though it now 
could be on the basis of the chemistry briefly to 
be outlined here. 

Coal itself has little structural value though it 
was occasionally used in the Victorian period to 
make furniture, perhaps as a four de force. The 
material known as Kimmeridge shale, an oil- 
bearing clay mineral, was used to make simple 
objects which present some difficulties of 
conservation?3, The mineral jet (essentially a 
very hard coal) is used in jewellery. 
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The chief way in which the softer products 
proved of use to the artisans of the past was as 
adhesives, mortars, and coatings. They were 
used in small objects and large building 
structures alike and it is naturally of interest to be 
able to specify their nature. 

It is now possible to distinguish the natural 
materials from those made by destructive 
distillation. The latter group can probably be 
further divided up but the problem of attributing 
a particular bitumen or asphalt sample to a 
specific geographical source, though receiving - 
some attention by pollution laboratories in these 
days of spillage at sea of crude petroleum, is not 
yet solved. A solution would seem feasible since 
the isolation of the triterpane fractions of the 
bituminous fraction of crude oils (see below) has 
shown interesting variations from region to 
region. So far it has only been applied to middle 
eastern sources that extend to Africa; the North 
Sea, and Alaska*, 

Another use for asphaltic or lignitic materials 
has been as a pigment for oil painting under such 
names as asphaltum, mummy, and Vandyke 
brown. (For a discussion of these, see Harley.) 
Almost no chemical work on the latter two has 
been carried out but they should prove closely 
related to the materials now to be discussed. 


5.1 Asphalt and bitumen 


The chemistry of these materials is essentially a 
further extension of that of petroleum or crude 
oil, already discussed in part in connection with 
hydrocarbon solvents on page 7 and earth 
waxes on page 44. The two terms, asphalt and 
bitumen, are not very clearly distinguishable. 
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They come from the Greek and Roman names, 
respectively, for the same material. 

The name ‘bitumen’ now generally refers to a 
substance containing essentially no inorganic or 
mineral matter but a high proportion of 
hydrocarbon — solvent-soluble | components 
(‘maltenes’) as opposed to insoluble components 
(‘asphaltenes’). Consequently it is often used of 
the involatile residue from the distillation of 
petroleum, as well as of some of the materials 
found naturally. 

Asphalt is the term for the native deposits 
found as outcrops, which result from seepage of 
ue petroleum through fissures to the surface 

exposure by erosion, followed by evaporation 
of the more volatile components. Such outcrops 
may well be associated with areas of volcanic 
activity or hot springs. Depending on the 
amount of admixed mineral matter, they are 
further divided into true asphalts (less than 10% 
minerals) and rock asphalts (more than 10% 
minerals). Asphaltites are a further category of 
higher-melting, even infusible, materials which 
include named varieties such as glance pitch and 
Gilsonite. 

Fossil organic materials are formed over 
millions of ycars from deposited biological 
remains and the present composition may, in 
part, reflect the nature of this original material, 
the two major categories of which are land-based 
and aquatic life. 

One indicator is the gross carbon-hydrogen 
composition. High hydrogen-to-carbon ratio 
petroleums are now thought to have originated 
mainly from marine-life materials of a saturated, 
lipid-rich nature. In agreement with this is the 
high alkane and cycloalkane content of the older 
petroleums. This contrasts sharply with the low 
hydrogen-to-carbon ratio of some oil shales, 
peats, and coal, which is to be explained by the 
higher input of unsaturated (aromatic) starting 
materials, notably lignin (page 69) from land- 
based plants. 

The precursors for petroleum, and hence 
asphalt, comprise then the whole gamut of 
natural organic compounds described in this 
book plus many more. As the organisms die they 
are subjected to immediate changes by oxidative 
and biological action. As layers build up, 
anaerobic conditions prevail and pressures and 
temperatures increase leading, over the period of 
geological time, to loss of functional groups, 
fragmentation with losses of side chains, and 
disproportionation, i.e. transfer of hydrogen 
from some molecules to others, leading to both 
saturated and aromatized compounds. Only 
traces of functionalized compounds are likely to 
persist (other than as heterocyclics) except in 
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youngish layers which have been subjected to 
only mild conditions in a  non-catalytic 
environment. 

The more detailed knowledge of the 
components of bitumen has been acquired in 
recent years largely through the use of gas 
chromatography —the only method capable of 
adequately separating the hundreds of com- 
ponents. In addition to the alkanes and 
cycloalkanes, already familiar to us, there are 
several classes of compounds which are close in 
composition to original plant constituents, 
modified only by defunctionalization and 
saturation, and these consequently constitute 
important biological markers helpful in 
‘fingerprinting’ particular bitumens® 5. 


5.1.1 Biological markers 


Isoprenoid compounds, particularly terpenoids, 
are discussed more fully in Chapter 8 in 
connection with natural resins. They are not 
confined to resins however but are widely 
distributed in the vegetable kingdom. Relics of 
them seem to survive in petroleum rather well 
and constitute the main class of observable 
biological markers. 

Of acyclic isoprenoids two are particularly 
common: phytane (Cso) and pristane (Cjg). 


AA SS 


phytane 


KAZE SS 


pristane 


There are a number of compounds derived from 
cyclic mono- and diterpenoids?!9?, the latter 
including fichtellite (C,9). 


EN 


fichtellite 


H“ 


The most important are, however, those related 
to the plant sterols (phytosterols) and the 
triterpenoids, which will be given a little more 
attention. 

Figure 5.1 illustrates the range of skeletal types 
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Figure 5.1 Principal skeletal types for the natural phytosterols and tetracyclic triterpenes 


which may be found in bituminous materials 


of natural phytosterols. Many derived saturated 
hydrocarbons (steranes) have been detected in 
the fossil materials while unsaturated hydro- 
carbons (sterenes) and even traces of saturated 
alcohols (stanols) have been detected in recent 
sediments. Many of these compounds have the 
original stereochemistry at the ring junctions but 
others are also found in which isomerization has 
occurred at one or more chiral (asymmetric) 
centre. Some compounds are also formed by 
complete ‘backbone rearrangement’ of the 
sterane nucleus, for example the diacholestanes: 


diacholestanes 


Detection of such compounds as these during 
analysis is, of course, good evidence that one is 
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flavicanes 


onoceranes bacteriohopanes (& 3-methy! analogue) 
Figure 5.2 Skeletal formulae of the primary triterpenoids (unrearranged during biosynthesis) 
dealing with a fossil material since they do not — including the marine algae contain pentacyclic 
occur in naturel. triterpenoids of several structural types as shown 


The triterpenoids of the natural resins are in Figure 5.2. These are called the primary 
discussed on page 92. Primitive organisms  triterpenoids as they are fully isoprenoid in 
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friedelanes 


S 
3 multifloranes 


Figure 5.3 Skeletal formulae of secondary triterpenoids (rearranged during biosynthesis) 


structure, not having rearranged during 
biosynthesis. Bitumens containing dominant 
amounts of the hydrocarbons of these types 
therefore probably derive from deposits of 
marine organisms. 

Bitumens commonly exhibit a complete range 
of homologues of hopane, ranging from C,, to 
C,5, as well as hopanes and moretanes which have 
undergone stereoisomerization at one or both of 


the asymmetric centres!*!8, namely at carbons 17 
and 21 (in nature only the 17 and 21f are 
encountered). 

It is now known that essentially a// samples of 
sedimentary organic matter—shales, lignites, 
young muds, coals, etc.—contain hopane 
hydrocarbons and this ubiquity is interpreted as 
indicating that they originate from the bacteria 
involved in the initial transformation of the 
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Figure 5.4 Some dehydrogenated (aromatized) pentacyclic triterpenoids from fossil sources 
with their molecular weights 
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varied dead plant or animal remains?415. Hopane 
derivatives have indeed been isolated from 
several species of bacteria, in which they seem to 
be an important structural component of cellular 
membranes}. 

Triterpenoids with other skeletons (secondary 
triterpenes: rearranged during biosynthesis) as 
shown in Figure 5.3 are found in terrestrial higher 
plants of many families. Even functionalized 
compounds of these types are still to be found in 
peats and brown coals, and in montan wax 
obtained by solvent extraction of North 
Bohemian brown coal. The hydrocarbons of 
these skeletal types have been encountered in a 
variety of fossil products including crude 
petroleums from the Middle East, Nigeria, and 
Indonesia. 

The above compounds have all undergone 
hydrogenation. The correspondingly dehydro- 
genated compounds —aromatic compounds — 
are also found and a selection of those which 
have been characterized is shown in Figure 5.4. 
Undoubtedly there are many more whose 
structures are yet to be clarified!?.16.17, 

The later section of the capillary gas 
chromatogram of a natural bitumen from the 
island of Zakinthos, Greece (known and used 
since antiquity), is shown in Figure 5.5. It shows 
the presence of compounds of most of the classes 
mentioned above. The predominating com- 
ponents are hopanes while there are lesser 
amounts of moretanes and phytosteranes and 
others. Figure 5.6 shows the mass spectrum of the 
largest peak, identified as a nor-hopane (see 
Figure 5.2). 

Examples of the identification of some 
archaeological samples as bitumens, by detection 
of hopane compounds, are described in Chapter 
12. 


5.2 Tars and pitches 


The materials obtained by pyrolysis of wood and 
resin (Or resinous wood) seem to have been 
important since antiquity, especially as caulking 
and waterproofing materials, in areas where 
native asphalts did not occur. Coal tar is 
apparently a product of the 19th Century and, 
important though it became for the synthetic 
chemicals revolution, it can be dealt with rather 
briefly. 

As already stated, starting materials for coal- 
forming processes were land-based plants richin 
aromatic lignin. Condensation products of the 
humic acid type, containing oxygen and nitrogen 
functions, can form in various ways and these in 


turn can further condense with lignin and 
cellulosic debris. During coalification high 
molecular weight, highly condensed structures 
are formed. The hardest coals may even approach 
graphite in structure, i.e. they are almost pure 
carbon. 

Pyrolysis of such material yields lower 
molecular weight aromatic compounds 
including phenols, heterocyclics, and poly- 
nuclear aromatic hydrocarbons. Much of this 
distils as coal tar. Higher molecular weight 
material simply fuses and flows away from 
residual carbon (coke) as coal pitch. 


5.2.1 Wood and resin tars 


Little information is available regarding the 
chemistry of wood and resin tars. When 
softwoods (i.e. woods from conifers such as 
pines and spruces) are destructively distilled, the 
tars which result are largely formed from the 
resin content (predominantly acids of the 
abietane series, see page 86) and consequently 
such tars have most components in common 
with that formed by destructively distilling the 
equivalent conifer resins. Figure 5.7 compares the 
chromatograms of materials of these two types 
after methylation of free acids. Methyl 
dehydroabietate is the major constituent in both 
cases while its further dehydrogenated and/or 
decarboxylated derivatives, such as the two 
norabietatrienes, 1,2,3,4-tetrahydroretene, and 
retene itself are the most prominent among the 
remainder. 


H 
$ 


norabietatrienes 1,2,3,4-tetrahydroretene 


retene 


Tar is also reported to have been commonly 
made from birch bark!89, Again little work has 
been reported on its chemistry though it has been 
claimed!? that the triterpenoid  betulin is 
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Figure 5.5 Later section ofa capillary gas 
chromatogram of bitumen from 
|J Y 5 Zakinthos, Greece. Letters identify 
A AN Yr component types as follows: H, hopanes; 
850 900 950 1000 1050 
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Figure 5.6 Mass spectrum of the main 
peak of the chromatogram of Figure 5.5, 
identifying it as a nor-hopane, MW 398 
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Time (min) 
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Figure 5.7 Capillary gas chromatograms 
(GLC-MS instrument) of (zop) 
methylated rosin tar (made by 
destructively distilling wood rosin) and 
(bottom) softwood, or Stockholm tar (pix 
liquida BP). Components common to 
both evidently derive from the resin 
diterpenoids, and include: (a) and (b) 18- 
nor and 19-norabietatriene; (c) 1,2,3,4- 
tetrahydroretene; (d) retene; (e) methyl 
dehydro-abietate ; (f) methyl abietate; (g) 
methyl ^ 7-oxodehydroabietate. The 
additional peaks in the softwood tar must 
result from the pyrolysis of cellulose and 
lignin in the wood 
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detectable in it by thin-layer chromatography, 
allowing it to be identified as the prehistoric 
adhesive for fixing flint implements to hafts of 
wood or antler. 

Mediaeval pitch ovens with remains of pitch 
have been examined at sites in Germany?? and 
Poland?!. In the former case abictic acid was an 
ingredient and a resinous coniferous wood was 
therefore supposed to have been the raw 
material; in the latter birch bark was thought to 
have been used. Tar factories from the 15th 
Century were also discovered in Bohemia?? and 
seemed to show a fairly advanced technology. 
Pine wood is thought to have been the main raw 
material here. Birch tar was thought to be the 
origin of the pitch used on urns and a spear head 
from Ljubljana??. 

An early gas chromatography study of a wood 
pitch coating on the back of a Rubens panel 
painting detected the presence of a mixture of 
abietic and dehydroabietic acids?t. 

Recently some tars recovered from the wrecks 
of Henry VIII’s flagship the Mary Rose, and from 
an Etruscan ship of 600 BC, have been identified 
by GLC-MS as softwood tar, having the 
components described above”. 


5.3 Elementary carbon 


The chemistry of elementary carbon is not 
usually considered a part of organic chemistry, 
but as forms of carbon often enter into the 
composition of museum objects (particularly as 
pigments in paint and inks) they deserve a 
mention here. Moreover carbon may be thought 
of as the ultimate product of the pyrolytic 
processes leading to the tars and pitches 
discussed above. 

Pure carbon is chemically very unreactive but 
most carbons produced by pyrolysis or by 
incomplete combustion contain appreciable 
amounts of impurities with a variety of 
functional groups. The chemistry of carbon 
blacks, the general name for such materials, has 
been much studied as they are highly important 
commercially as black pigments and fillers, e.g. in 
black polythene bags and rubber motor car tyres. 
Their presence very materially influences the 
properties and deterioration of these products. 

The carbon pigments have been reviewed by 
Winter®®, primarily from the viewpoint of their 
identification on manuscripts and paintings. 
Carbon itself exists in crystalline and non- 
crystalline forms, the former consisting of 
diamond and graphite (and some rare other 
forms which do not concern us); the latter are 
divisible into flame carbons, cokes, and chars. 
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5.3.1 Graphite 


Graphite occurs naturally in several parts of the 
world and it may also be prepared by heating 
cokes at high temperatures. In structure it may be 
considered to form flat sheets of condensed six- 
membered rings, like a condensed aromatic 
compound (page 6) of indefinite extent, though 
what happens at the edges is not clear. 

These sheets are stacked one above another in 
a regular way but as there are no covalent bonds 
between them the crystals are very easily cleaved 
mechanically. This accounts for the slippery feel 
of graphite and its usefulness for purposes of 
lubrication. 

Asa pigment, graphite is known as blacklead or 
plumbago. Its best known use is in so-called lead 
pencils which date, apparently, from the 16th 
Century?'. In these the graphite is mixed with 
clays, the amount of which determines the 
*hardness' of the pencil. 


5.3.2 Non-crystalline carbons 


The various flame carbons, made by burning 
fuels suchas natural gas, oils, or wood, have been 
separated by Winter under the names carbon black, 
lampblack, and soot. Their morphology readily 
distinguishes them from the materials discussed 
below in that they form aggregates of small 
spheres. 

The amount of tarry impurities present 
depends to some extent on the distance of the 
flame to the collecting point. The pigment 
known as bistre is a soot collected from burning 
wood very close to the flames and it contains a 
rather high proportion of tars. 

The chars made from wood, nutshells, cork, 
etc. are known as charcoal black, fruit-stone blacks, 
and cork black. As the materials remain solid 
throughout the carbonizing process the chars can 
retain to a large extent the morphology (such as 
cellular structure) of the. precursors. 

Cokes are defined as a carbonized product 
from a precursor in a liquid or plastic state. They 
thus show no evidence of the original 
morphology but rather form irregular, porous 
lumps. Coke from bituminous coals is a case in 
point. 

The carbon pigments formed by pyrolysis of 
animal matter, such as wory black and bone black, 
fall within the category of cokes as the protein 
collagen (page 74) softens or liquefies before 
charring. Ivory and bone contain a high 
proportion of inorganic matter, elephant ivory 
about 5575. The inorganic material of this latter 
comprises calcium phosphate (82%), magnesium 
phosphate (15%) and calcium carbonate (2%) and 
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consequently the pigments formed from them 
contain an even higher proportion of inorganic 
material, mostly as hydroxyapatite, 
Cas(OH)(PO,)s. 

The effect of temperature on ivory has been 
studied?® to determine the weight losses and 
changes in colour; carbon, hydrogen, and 
nitrogen content; and inorganic content. The 
colour passed through yellow (204°) and brown 
(260°) to brown-black (316-538?) and black 
(593°), after which it went to dark and to light 
grey blue (650—760?) and finally to white (816°) 
as the carbon finally burnt away. No detectable 
protein remained at 593°. 
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Carbohydrates: sugars and 


polysaccharides 


Wood, paper, plant fibres, and the water-soluble 
plant gums used as adhesives and binding media 
are all made up of compounds coming within this 
category. 

Originally the term carbohydrates was given 
to compounds of general empirical formula 
C,(H,O), since they were thought of as ‘hydrates 
of carbon’. This idea was soon dropped and the 
expression became less restrictive as to the ratios 
of the three elements, but many simple 
compounds made up of carbon, hydrogen, and 
oxygen are still excluded. In practice, 
carbohydrates can be taken to refer to the sugars 
(monosaccharides) and their polymers—the 
polysaccharides. 

These are probably the most abundant organic 
materials on the earth's surface sínce, in the form 
of cellulose and starch, they form a good 
proportion of the bulk of trees and plants. As is 
well known they are built up from water and the 
carbon dioxide in the atmosphere by the process 
of photosynthesis ; the light energy from the sun 
being utilized for the purpose through the 
intermediacy of the green plant pigment, 
chlorophyll. 


6.1 Monosaccharides 


Carbohydrate chemistry is a vast subject and 
difficult to condense to a brief summary. The 
sugars themselves are quite complex, they can 
commonly exist in several different chemical 
forms and they combine with one another in 
different possible ways. This will be illustrated 
by reference to one of the most common sugars, 
glucose. 

Glucose has molecular formula CgH,.O,. It 
has five hydroxyl groups and a carbonyl group 


60 


CC-0. UP State Museum, Hazratganj. Lucknow 


and, since this latter can be oxidized to an acid, it 
must be an aldehyde rather than a ketone. 
Glucose can be converted to hexanoic acid and so 
the carbons must be present as a straight chain. 
These features are accommodated by the 
following structure: 


CHO 

CHOH 

CHOH 

CHOH 

CHOH 

CH,OH 

This, however, is not the end of the matter. 
Aldehyde groups can react, reversibly, with 
hydroxyl groups to yield compounds knawn as 


hemiacetals and, with a second hydroxyl group, 
acetals: 


em OR ; PR 
R-CHO REOHS R-C LEO R-C 
x X 
OH OR? 
aldehyde hemi-acetal acetal 


If the aldehyde and alcohol groups are present in 
the same molecule then a cyclic hemiacetal can 
form, and this is indeed preferred if the resulting 
ring is five- or six-membered. It can be seen that 
such is the case with glucose and that both five- 
and six-membered ring hemiacetals can be 


formed: 
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CHOH | CHOH 

| O 

ra REL O 

CH jus 
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CH,OH furanose CH,OH pyranose 


The two structures are known as furanose (the 
five-membered) and pyranose (six-membered) 
forms. They are interconvertible via the open 
chain form. Most of the sugars in the crystalline 
state are in the pyranose form, when that 
alternative 1s available. 

It can be seen that the four carbon atoms 
bearing the secondary hydroxyl groups in the 
open chain structure above are asymmetric, or 
chiral centres (see page 3). The different 
isomers which arise from different configur- 
ations at these centres, corresponding to 
different sugars, are described below. A further 
asymmetric centre arises when the open chain 
converts to either of the cyclic structures, so 
giving rise to two possible isomers: 


HO H H OH 
Ye ud 
CHOR dios 
E O Eg O 
gron | CHOH 
T dd 
rat don 


The two variants, known as x- and f)-glucose, are 
indeed known as when glucose is crystallized 
from water below 50? one is formed and when 
crystallized from water above 95° the second 
variant is formed. When either is dissolved in 
water an equilibrium mixture of the two 
eventually results, for they are of course 
interconvertible via the open chain form. The 
two epimeric forms are known as anomers. 
The monosaccharides are not confined to 
compounds with six carbon atoms (hexoses). 
The simplest polyhydroxy] aldehyde has three 
carbon atoms and is the compound 2,3- 
dihydroxypropanal or glyceraldehyde. Since this 
has a single asymmetric centre there exist two 
enantiomers with equal and opposite optical 
rotations. The two enantiomers may be depicted 
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CHO 
| 


C. 
HO \ CHOH 
H 


EO 


Gx 
H^ \ CH,OH 
OH 


or using the so-called Fischer convention in 
which the horizontal bonds are deemed to come 
out from the plane of the paper and the vertical 
bonds recede: 


CHO CHO 
H—C—OH HO—C—H 

| 

CH,OH CH,OH 


D-(+)-glyceraldehyde L-(—)-glyceraldehyde 
the + and the — in the names of the two 
enantiomers indicate that the enantiomers havea 
positive or negative sign of rotation. The D- and 
the L- specify their absolute stereochemistry as 
indicated. These two enantiomers of glycer- 
aldehyde are the parents of two series of sugars, 
the D-sugars and the L-sugars, which have 
stereochemistries at the carbons most distant 
from the carbonyl group as in the parent 
compounds. 

Most, but not all, of the natural sugars belong 
to the D-family, thus glucose is D-( 4-)-glucose. 
It should be noted that although the symbols D- 
and L- originally arose from dextro and laevo 
(right and left; positive and negative) they no 
longer indicate the actual sign of rotation of the 
compounds to which they are attached. 

Glyceraldehyde can be considered as a triose. 
The family of D-aldoses of which it can be 
considered the parent is shown in Figure 6.1. 
There are two aldoses with four carbons 
(tetroses) known as erythrose and threose, four 
with five carbons (pentoses) known as ribose, 
arabinose, xylose, and lyxose, and eight hexoses: 
allose and altrose, glucose and mannose, gulose 
and idose, galactose and talose (listed as epimeric 
pairs). 

Compounds in which the carbonyl group is 
present as a ketone rather than an aldehyde are 
known as ketoses. Thus fructose is a ketose: 


CH,OH CH,OH 


C=O 


pee 
CHOH CHOH | 
l l O 
CHOH SER | 
CH fructose 


(cyclic 


CHOH fructose 


as follows: CH,OH (open chain) CH,OH hemi-ketal) 
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A further group of compounds derived from 
the sugars must also be mentioned. These are the 
uronic acids which are the compounds in which 
the primary hydroxyl group has been converted 
to a carboxylic acid group. They are named after 
the sugars, e.g. glucuronic acid and galacturonic 
acid after glucose and galactose respectively. 
These compounds are important components of 
many polysaccharides including the plant gums. 

The system of representing the cyclic 
structures which has been used so far is not very 
satisfactory and they are more commonly shown 
in the so-called Haworth formulae as a planar 
ring with the substituents positioned above and 
below, thus x-D-glucose and f-D-glucose are 
represented as: 


CH,OH CH,OH 
O O 
OH 
HONOH OH HO\OH 
OH OH 


a-D-glucose B-D-glucose 


As explained for cyclic hydrocarbons (page 4) 
six-membered rings are not planar; to attain a 
strain-free conformation they adopt a chair or 
boat form. The cyclic hemiacetals also adopt a 
chair form but for convenience we will use the 
Haworth formulae in what follows. 


6.2 Oligosaccharides 


Monosaccharides can form links with one 
another to form larger molecules. 
Oligosaccharides (oligo=few) range, rather 


arbitrarily, from the disaccharides up to 
compounds containing about, ten sugar units. 
Most important are the disaccharides as these 
include common sugars of plant and animal 
origin such as sucrose and lactose. They are 
mostly made up from hexoses. 

The linkage between the two monosaccharides 
in a disaccharide, which is known as a glycosidic 
linkage, takes the form of an acetal ether linkage. 
That is to say the hydroxyl group of the 
hemiacetal group of one of the components has 
reacted with a hydroxyl group of the second 
component (which may also be the hydroxyl of 
its hemiacetal) to form an acetal, for example: 
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,CH,OH 


,CH,OH 


maltose 


This structure represents that of maltose, formed 
from two glucose units by linkage of the 
hemiacetal of one with the C-4 hydroxyl of the 
other. This second unit still retains a hemiacetal 
group and hence, potentially, an aldehyde group. 
The molecule therefore still has reducing 
properties. The glycoside linkage in maltose is 
formed from the x-anomer. The B-anomer yields 
a different disaccharide, cellobiose, known as a 
hydrolysis product of cellulose (see below): 


,CH,OH 


°CH,OH 
cellobiose 


The disaccharide sucrose is what we know as 
ordinary white sugar. Sucrose is formed by 
linkage of the hemiacetal group of glucose with 
the hemiketal group of fructose. It hence retains 
no potential aldehyde group and is not reducing. 


CH,OH 
(9) 


CH,OH 
O 


HO OH HO CH,OH 
O: k 
OH OH 


sucrose 


Sucrose is widely distributed through the plant 
kingdom and is the principal component of plant 
nectar. Honey thus consists mainly of sucrose but 
it also contains variable amounts of glucose and 
fructose resulting from hydrolysis aided by 
enzymes contributed by the bees. 


6.2.1 Hydrolysis of glycosides 


The glycoside linkage, in common with other 
acetals, is readily split by mild acid treatment to 
yield the individual monosaccharides. This fact is 
very important in the analysis and identification 
of oligo- and polysaccharides. 
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The splitting of the glycoside is also readily 
effected by enzymes, as happens in digestion, 
fermentation by yeasts, and the degradation of 
cellulose by wood-rotting fungi. 


6.3 Polysaccharides 


Important polysaccharides include cellulose, 
starch, and the plant gums and mucilages. The 
first two of these are very high molecular weight 
materials which are very simple and regular in 
composition and structure. The gums and 
mucilages are more complex. 


6.4 Cellulose 


Cellulose is the most abundant of all organic 
compounds and is, of course, common in the 
museum as wood, paper, and textiles made from 
plant fibres. It is a linear polymer of D-glucose in 
the fj-pyranose form and can be represented as: 


CH,OH OH 
O O 
OH 
^NOH A 
E NOE Oo 
OH CH,OIH i 


cellulose 


It is possible that there are occasional 
irregularities in this structure, such as the 
presence of carboxyl groups, ester links, and 
linkages to other sugar residues but this may only 
be so for cellulose as isolated rather than as in the 
plant material for it is difficult to purify without 
modification of its composition, particularly by 
oxidation. 

The molecular weight is very high but the 
degree of polymerization is not known exactly 
since some reduction and spread of molecular 
weight normally occurs during isolation but it 
may sometimes exceed 10000 or 15000 units. 
The large number of hydroxyl groups allows for 
hydrogen bonding, both inter- and intra- 
molecular. This means that the linear chains align 
themselves side by side to form microfibrils 
which in turn align themselves more or less along 
the axis of vegetable fibres. T'he arrangement of 
the molecules is sufficiently ordered for cellulose 
to give an X-ray diffraction pattern, essentially 
the same for material from all sources. 

Because of its many hydroxyl groups, cellulose 
has a high affinity for water without being 


actually soluble—the formation of hydrogen 
bonds with water is not sufficient to overcome 
the strong hydrogen bonding between the 
molecules. Water is taken up from the 
atmosphere to the point of equilibrium: at 50% 
RH this amounts to a water content of about 6% 
by weight, at 100% about 22%. The absorption 
of moisture by cellulose results in swelling and 
consequently changes in relative humidity result 
in dimensional changes in wooden objects which 
are dangerous for their stability. 

Cellulose is more strongly swollen by strong 
alkali solutions such as sodium hydroxide and its 
properties can be modified thereby. Such 
treatment forms the basis of ‘mercerization’ (c. 
1850) for producing fibres with better dyeing 
properties and increased strength and, in a later 
modification, lustrous effects ('artificial silk"). 

Cellulose will dissolve in certain solutions as a 
consequence of being converted into soluble 
derivatives, and the cellulose itself can be 
reprecipitated by suitable treatment. This forms 
the basis for the preparation of the various 
artificial fibres and films of cellulose. The 
material prepared by regeneration from solution 
in cuprammonium sulphate solution 
(cuprammonium rayon) dates from about 1890 
while the material formed by another process and 
known as viscose rayon dates from 1892. The 
process for making the thin transparent films of 
cellulose known as Cellophane dates from 1924. 
'The history of regenerated celluloses has been 
reviewed!. 

The deterioration of cellulose, whether by 
oxidative or hydrolytic processes, is a topic of the 
greatest importance to the question of the 
preservation of books and manuscripts? 7. It is 
relatively stable to autoxidation at ordinary 
temperature but the primary hydroxyl groups 
can be progressively oxidized to carboxylic acid 
groups especially under the influence of light. 

As with all high polymers, even a small 
amount of oxidation or hydrolysis resulting in 
chain breaking has a disproportionate effect on 
physical properties since only one such break per 
chain halves the average molecular weight or 
“degree of polymerization (DP). Oxidative 
bleaching reagents used for paper? must be 
carefully chosen since some oxidize the primary 
hydroxyl groups to carbonyl or carboxyl and 
reduce, or potentially reduce, DP. 

As with other compounds containing the 
glycosidic linkage, cellulose is hydrolyzed by 
aqueous acids, first of all at random points along 
the chain to give smaller cellulose units and 
ultimately to glucose itself. The hydrolysis is also 
effected by hydrolytic enzymes, called cellulases, 
which are produced by many species of moulds 
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and other fungi. These can consequently break 
down cellulose and utilize the products for their 
own nutrition, hence the danger to wood, paper, 
and textiles under damp conditions, for moisture 
is needed for the mould growth. 

The hydroxyl groups of cellulose can, like 
other hydroxyl groups, be converted to their 
esters or ethers and a number of such products 
have been, and to some extent still are, important 
semi-synthetic materials for plastics, adhesives, 
and coatings. 


6.4.1 Cellulose nitrate 


By treatment of cellulose with a mixture of 
sulphuric and nitric acids the hydroxyl groups 
are converted to their nitrate esters, —ONO,. 
First developed in the 1840s, the product was 
used as an explosive (guncotton). This is a highly 
nitrated material; a less completely nitrated 
product formed the basis for mouldable plastic 
materials used as artificial ivory for knife handles, 
piano keys, etc., and also to make artificial 
tortoiseshell. It is a familiar material under the 
name Celluloid while solutions in cther or 
alcohol/ether mixtures or other solvents used to 
be known under the name collodion. 

Many proprietary glues still consist of 
solutions of cellulose nitrate?. As a surface 
coating it has had many applications, including 
use as a ‘dope’ for sealing fabrics in early aircraft. 
Other uses have been as a base for cinema film, 
the notorious ‘nitrate stock’ now long obsolete; 
for laminated glass for car windscreens, and in 
car paints. 

Nitrate esters are inherently unstable 
compounds (page 136). The nitrates of the lower 
alcohols are extremely sensitive and can explode 
with little provocation while glycerol trinitrate 
(nitroglycerin) is only slightly less sensitive. 
Cellulose nitrate needs to be detonated in order 
to explode but it is always extremely flammable. 
In time it decomposes spontaneously even in the 
dark, in the process liberating highly acidic 
nitrogen dioxide which is deleterious to other 
materials in the vicinity. It decomposes more 
rapidly in the light and turns yellow. This yellow 
discolouration was a familiar feature of the old 
laminated glass car windscreens mentioned 
above. It is evident from these properties that 
cellulose nitrate should never be used in modern 
conservation practice. 

Objects made of cellulose nitrate are very 
easily identified as such for it has a characteristic 
infrared spectrum. Heating a small fragment ina 
combustion tube leads to decomposition and 
evolution of brown fumes of nitrogen dioxide. A 
sensitive colour test has also been described?. 
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6.4.2 Cellulose acetate 


In contrast to the nitrate ester, cellulose acetates 
are rather stable materials and because of this 
partly displaced the nitrate for various uses such 
as for safety film (1909) and aircraft dope (c. 
1917). Fully acetylated material is known as 
triacetate and the incompletely acetylated 
material (made by partial hydrolysis of the 
former) as secondary acetate. The secondary 
acetate is more readily soluble and was first 
utilized for fibres in about 1927 while the more 
intractable triacetate only came into use for this 
purpose after the second world war. Woven 
materials for both clothes and other purposes are 
made from these fibres (acetate rayon). Many 
types of moulded, extruded and otherwise 
fabricated objects have been made from the bulk 
material. 

Like the nitrate, cellulose acetate may be 
readily identified from its infrared spectrum. 


6.4.3 Other cellulose derivatives 


Other esters of cellulose such as the propionate, 
the mixed acetate-propionate, and the acetate- 
butyrate are also manufactured at the present 
time and used for moulding materials which are 
tougher and more resistant than those made of 
cellulose acetate. 

A variety of cellulose ethers are also made 
and these have come to be important in 
several ways. In these the — OH groups of the 
cellulose are partly replaced by —OR groups 
where R=methyl (—CH,), carboxymethyl 
(—CH,COOH), or -hydroxyethyl 
(—CH,CH,OH). Methyl cellulose is used for 
textile finishing and as a size and starch 
substitute, as an adhesive, an emulsifying agent 
and in other ways. 

Carboxymethylcellulose, usually used as its 
sodium salt which is water-soluble, has similar 
uses and is also valuable as an addition to laundry 
detergents for preventing soil redeposition and 
aiding subsequent washing. It is also a common 
ingredient of present-day adhesives for 
wallpapers. The application of cellulose ethers in 
paper conservation and the effects of accelerated 
aging have been reviewed". 

Cellulose may also be modified by a process 


known as graft-polymerization, in which 


synthetic polymers are caused chemically to bond 
themselves to the cellulose chain, usually 
through free-radical reactions. Strength and 
chemical resistance can be improved thereby and 


its application to aged paper has been 
investigated’. 
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6.5 Starch 


This abundant material is the principal 
carbohydrate reserve of the vegetable kingdom, 
occurring as minute granules in roots, bulbs, 
tubers, and seeds. It is easily isolated from these 
in fairly pure form. 

Like cellulose, starch consists of polymers of 
glucose but it contains two different materials 
named amylose and amylopectin. The first of 
these is a linear polymer with -glycosidic bonds 
(cellulose having the f-configuration), The 
amylopectin has a branched structure with each 
of the branches as in amylose (with about 25 
glucose units) but branching occurs through 1,6 


* linkages, i.e. to the primary hydroxyl group, but 


where exactly on the amylose chain this linkage 
occurs is uncertain. It may be quite random. 


CH,OH CH,OH 
O O 
F NoH OH ats 
ae O © 
OH OH 5 
amylose 
«CH,OH 


branching 


amylopectin 


The proportions of these two ingredients are 
very variable from source to source and 
consequently the properties of starches are also 
variable. Starch is not soluble in cold water but 
the granules do swell reversibly. When the 
suspension is heated the granules burst and a 
thick, viscous dispersion —starch paste — results. 

ore amylose means a thicker gel and a tougher 

m but adhesivity seems to depend on a number 

f factors... 

The practical properties of starches from 
several sources have been tested®-1° as have the 
effects of modifying them chemically in several 
different ways! It was found that partial 
hydrolysis with acid at temperatures below the 


gelatinization point improved adhesivity. Wheat 
starch paste (shin-nor/) is much used by the 
Japanese mounter/conservator and great care is 
given to its preparation. A paste aged for up to 
ten years ( furu-nori) is also prepared and has far 
greater adhesivity!!. Presumably it too has 
undergone partial hydrolysis, possibly as a result 
of enzymatic activity from the moulds which 
form on top. 

As is well known, starch has long been 
important for sizing paper and for use in 
stiffening articles of clothing. It is a permanent 
material as regards resistance to autoxidation but 
is, of course, a good growth medium for moulds 
in damp conditions. 

Starch is sometimes encountered in paintings 
grounds!? and it was once a common ingredient 
of relining adhesives!?, It has been detected by 
means of the characteristic reaction with iodine 
which gives a blue colour (it is the amylose 
component which is responsible for this). It has 
also been found mixed with the organic pigments 
(indigo, gamboge, red dye) on Japanese prints!4, 
and in the plaster of 17th Century Bulgarian 
murals!5, 

Dextrin, or British gum, is a starch modified 
by heating to render it completely soluble in cold 
water. It has been used as an adhesive for paper 
and cardboard. 


6.6 Plant gums and mucilages 


Many trees and plants exude polysaccharide 
gums when accidentally or deliberately 
wounded. These are either water-soluble or 
water-dispersible materials of high molecular 
weight. Some are of considerable economic 
importance and produced in very large 
quantities, gum arabic (gum acacia) being the 
most notable. 

The chemistry of the gums is quite complex 
for usually several sugars, and the acids derived 
from them, enter into their composition as 
shown in Table 6.1. The actual ways in which 
these are linked together are generally only partly 
known and for the most part we will not concern 
ourselves with this here. Gums have been 
important in art as the principal medium for 
‘watercolours’, miniatures, and for manuscript 
illumination. Otherwise they are important as 
adhesives, as for postage stamps and envelopes 
(now partly replaced by polyvinyl alcohol; see 
page 114), for being edible they may be licked 
without harm: indeed their main use is in 
foodstuffs. 

'The following paragraphs describe the most 
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Table 6.1 Sugar and uronic acid components of some gums and mucilages 


Alrabinose | Rhamnose | Galactose Glucose | Mannose | Xylose Ipaa Glucuronic Galacturonic 
acid acid 
Gum arabic |+ + + db ae aL ie 
Tragacanth |-+ + at 3t tb 
Cherry gum|+ + + ae uc m 
Guar gum + EE 
Carob or 
locust 
bean + didt 
Tamarind 
seed gum |4- (?) + Ji + 
Karaya gum + e 
Ghatti gum |4- + ++ + ES a 
Cholla gum |+ ae ati 
Olibanum |+ de + 
(4-O-methyl-) 
Myrrh + =f 4c 
| (4-O-methyl-) 


* 6-deoxy-L-galactose. 


+ indicates that the sugar is present; + + indicates a major component. 


important gums. À more comprehensive list may 
be found in a recent review!®, 


6.6.1 Gum arabic or gum acacia 


Gum arabic is the product of a number of Acacia 
species of which Acacia senegal is the most 
important. Most of the material of commerce 
originates from the Sudan where this tree 
occupies large stands in the wild and is also 
cultivated. Gum arabic was extensively used in 
ancient Egypt and has been an article of 
commerce for thousands of years. 

'The demand continues unabated and exports 
from the Sudan have been as much as 50 or 
60000 tons per annum in recent times. 
Considerable quantities are also produced in 
other parts of Africa. Other species are the 
sources of the Acacia gums of India and of 
Australia where the material is known as wattle 
gum. 

Since gum arabic incorporates glucuronic acid 
itis of course acidic and in fact exists as a salt with 
calcium, magnesium, and potassium cations. 
Treatment with acid or ion-exchange resins gives 
the free acid known as arabic acid. Solutions of 
this have a pH of about 2.7 and the equivalent 
weight is about 1380. 


6.6.2 Gum tragacanth 


This is another material known since classical 
times for it is obtained from species of Astragalus 
(Leguminosae) growing in Asia Minor and the 


near East, particularly Iran. As collection is a 
time-consuming process the material is 
correspondingly expensive and probably has 
been much less used than gum arabic. It is not 
wholly soluble in water; the part that dissolves is 
known as tragacanthin, that which simply swells 
bassorin. 


6.6.3 Cherry gum 


The exuded gums of several Prunus species have 
found use in Europe for centuries since they are 
available from indigenous trees. Cherry gum, 
from P. cerasus has been the most mentioned but 
the gums from the almond, apricot, plum, and 
peach are similar and were probably not clearly 
distinguished. 

Like tragacanth, these gums are only partially 
soluble and swell to a jelly with water. 
Apparently cherry gum was still in use as an 
artist's medium in the 19th Century!”. 


6.6.4 Carob or locust gum 


The carob or locust tree Ceratonia siliqua 
(Leguminosae), of the Mediterranean area, has 
been utilized since antiquity. It produces large 
quantities of the beans containing the kernels 
which yield the gum. 


The beans have been used as a food foranimals — 


and by people and the gum is said to have been 
employed by the Egyptians for binding mummy 
wrappings. Today the gum is still widely used in 
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foodstuffs but most importantly as an additive in 
paper making. 


6.6.5 Tamarind mucilage 


Tamarindus indica is a large evergreen tree 
common in India and Southeast Asia which 
produces large flat pods. The pulp of this pod is 
much used in food while the seeds, among many 
uses, afford a gum or mucilage now used for 
sizing fibres and in foodstuffs. This is said to 
have been the principal paint medium for Indian 
murals and miniatures. 


6.6.6 Other gums 


Many other plants yicld gums and mucilages 
which have been and are utilized. In the Indian 
sub-continent important materials are guar gum, 
from Cyanaposis tetragonolobus (Leguminosae); 
karaya gum from Stercu/ia urens (Sterculiaceae), in 
which the polysaccharide is partially acetylated ; 
and ghatti gum from Anogeissus latifolia 
(Combretaceae) which occurs as a calcium 
magnesium salt of the acidic polysaccharide and 
is put to uses similar to those of gum arabic. 

In the New World also there are many 
utilizable gums and mucilages. In the North and 
Mexico the mesquite, Prosopis juliflora and other 
species, is one such which has been used as a 
substitute for gum arabic. In Mexico and the 
Southern United States the prickly pear cactus, 
Opuntia fulgida (Nopal) is said to yield a gum in 
hot dry spells (cholla gum). In West Africa the 
West African mahogany tree Khaya grandifolia 
yields khaya gum. 

Gum resins, suchas myrrhand olibanum, have 
a content of gum in addition to their resin, as has 
also gamboge, but little seems to have been 
reported on the carbohydrate chemistry of the 
latter. Even some conifers yield gum resins, 
notably Araucaria species, the compositions of 
which have been determined!® ?9. 

In Japanese artistic and conservation practice a 
mucilage obtained from a seaweed is sometimes 
employed?!, The source plants are macroscopic 
marine algae, chiefly G/ozope/tis furcata and other 
species. The mucilage, extracted with hot water, 
is known as funoran. It is a polysaccharide 
composed largely of D-galactose units, partly 
esterified as sulphate. The material known as 
agar-agar, from other red algae, is similar with a 
lower proportion of sulphate groups. EN 

Another important scaweed product is alginic 
acid, mainly from Laminaria spp. This is a 
polymannuronic acid which, as the sodium or 
calcium salt, can be made into fibres. These are 
made into textiles or other artefacts where ready 


disposability is called for, since they can be 
dissolved in water or mild alkali solutions. 


6.7 Identification of polysaccharides 


Most analytical work on polysaccharides in the 
museum field is directed towards their detection 
and possible identification in paintings of various 
kinds. The presence of saccharide material can 
usually be revealed by the so-called furfural 
reaction. Heating pentoses with acid results in 
dehydration yielding furfural while other sugars 
yield related compounds. 


CHOH —CHOH Hs 
| | ESE 
R-CHOH CHOH-CHO R O CHO 


sugar furfural-type 
compound 


Furfural and similar aldehydes react with aniline 
or other aromatic amines to give coloured 
compounds known as Schiff bases??. The test is 
usually carried out as follows. 

The sample (either whole or as an aqueous 
extract) is warmed in a small test tube witha drop 
of syrupy phosphoric acid while a strip of filter 
paper moistened witha solution of aniline acetate 
is held in the upper part of the tube. The 
aldehydes are volatilized and give a violet or pink 
colour with the reagent. Amounts down toa few 
micrograms of saccharide can be detected. It 
should be remembered that cellulose itself reacts 
and consequently care needs to be taken when 
looking for gums in paint samples which are on 
paper or which are liable to contain plant fibres 
(as with certain murals). 

Infrared spectra of saccharides are not usually 
very informative but may be adequate to identify 
them in a general way or at least distinguish them 
from water-soluble protein. In an account of 
methods of analysis of polysaccharides, the 
spectra of the more important gums have been 
published as well as spectra of extracts from 
particular works of art??. Rather large quantities 
of sample had to be used to obtain enough extract 
for infrared and the result was not very 
informative. 

A problem which must necessarily accompany 
any use of water extraction is that water-soluble 
salts may be present in the extract and confuse the 
spectrum if not removed. This can be done with 
methanolic hydrochloric acid or, in the case of 
polysaccharides, by dialysis but this is difficult to 
manipulate on a small scale. 

More precise identification of polysaccharide 
gums involves determination of the sugar and 
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uronic acid residues after acid hydrolysis. The 
hydrolysis is rather tricky and can result in 
considerable amount of humin formation if 
carried out in the presence of large amounts of 
inorganic material. 1N sulphuric acid is 
commonly used with heating at 100° for 10-12 
hours. The solution is neutralized with barium 
carbonate, filtered from the insoluble barium 
sulphate and evaporated to dryness. 

The sugars can be separated by paper, thin- 
layer, or gas-chromatography though for the last 
of these they need to be derivatized first. Birstein 
used thin layer chromatography on micro- 
crystalline cellulose using an ethyl acetate/ 
pyridine/water system. To reveal the spots the 
plate was treated with aniline phthalate solution. 
For gas-chromatography he first reduced the 
sugar mixture with sodium borohydride (this 
would reduce aldehyde groups to alcohols but 
would not affect carboxylic acid groups) and 
acetylated the product with acetic anhydride/ 
pyridine. 

Birstein's results on Central Asian wall 
paintings?*?» seem to confirm the tradition that 
plant gums were often used as medium. In two 
cases, paintings from Toprak-Kala (3rd to 4th 
Century) and a palace at Khiva (19th Century) 
the findings agreed best with cherry or apricot 
gum. Reviewing carlier findings and literary 
sources he says that mixtures of gum and egg- 
yolk were sometimes used as well as mucilage 
extracted from the roots of Eremurus spp. 
(Liliaceae). 

Both thin layer and gas-chromatography have 
been used by Masschelein-Kleiner e/ 27.297, In an 
examination of materials from an Egyptian 
sarcophagus of polychrome wood of the 21st 
dynasty thin-layer chromatography was effected 
on a stationary phase of mixed alumina and silica 
with propanol/ethy l acetate/water/25% ammonia 
eluant in the proportions 30/5/15/5. The colour 
reagent was naphthoresorcinol. Gas chromatog- 
raphy was carried out on the trimethylsilyl 
derivatives of the sugars on a column of E301 
silicone. A complication here was that, because 
of the different forms in which individual sugars 
can exist, several different derivatives are 
obtained from each sugar, thus confusing the gas 
chromatogram. 

However two samples of a surface coating, one 
supposedly more altered than the other, were 
distinguished by their compositions. The former 
contained glucose, xylose, lesser amounts of 
fructose and possibly mannose. The latter 
contained arabinose, galactose, and galacturonic 
acid. The latter was interpreted as being best in 
agreement with gum tragacanth. 

The paint medium of the sarcophagus yielded 
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only glucose and fructose, which agrees with the 
presence of honey. Examination of the paint of 
some Egyptian epitaphial stelae in the National 
Museum of Cracow also led to the conclusion 
that the paint medium was gum tragacanth*8, 

If investigations on the polysaccharides 
present in wall paintings are difficult, those on 
paint samples from illuminated manuscripts are 
even more so due to the smaller samples 
available. Flieder?? has carried out a careful study 
and improved the hydrolysis and isolation 
procedures. The sample was hydrolyzed with 3% 
hydrochloric acid in a sealed tube at 105° for 24 
hours and the mixture then evaporated to 
dryness at 45° under nitrogen. The residue was 
deacidified with an ion exchange resin 
(Amberlite IRA68), evaporated and chromato- 
graphed on silica gel using butanol/ethanol/ 
water (57/27/16) as eluant. 

Naphthoresorcinol was used as the colour 
reagent for the separated sugars. The 
chromatograms obtained did not completely 
separate the sugars and uronic acids ; in particular 
they were not able to separate glucuronic and 
galacturonic acids. However results appeared 
clear enough positively to identify gum arabic as 
the probable medium of a 16th Century 
manuscript illumination. 


6.8 Lignin 


Although not a carbohydrate or related in any 
way to cellulose, the natural polymer known as 
lignin must be discussed here on account of its 
importance as a component of wood. 

It is lignin which gives the necessary strength 
to cells to allow them to endure the stresses and 
strains put upon trees and plants. Lignin is also to 
be found in roots, husks, and shells. 


6.8.1 Chemical composition? 


Lignin is a polymer made up of units consisting 
primarily of coniferyl alcohol but with a number 
of similar compounds also incorporated, for 
example: 


qo FRON 
C—H (E 
A 
H—C H— c 
OCH, H,CO OCH, 
OH OH 
frans-coniferyl 


trans-sinapyl 
alcohol alcohol 
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7 1,0H 
,C— H 
EE GA 
| 
OH 
trans-p-coumaryl 
alcohol 


These units are linked together, not in any sort of 
regular arrangement as with many natural 
polymers, but in an almost random manner and 
by means of several different types of grouping: 
ether, acetal, ketal, ester, etc. In the plant it seems 
that links may also exist to polysaccharide 
molecules, including of course cellulose. 

The possible structures that can be present in 
the polymer are best approached by consider- 
ation of the mechanism of formation by phenol 
oxidation. This important subject is touched on 
again later when the drying of Japanese lacquer is 
explained (page 104). 

Oxidation of the phenolate anion by the 
oxidized form of an enzyme (either a peroxidase 
or laccase) gives a phenol radical. In the case of 
coniferyl alcohol this radical is stabilized by the 
possibility of several resonance forms, thus 
(structure 6.1): 


The chemistry of papermaking is a subject on 
its own and it must suffice to say here that the 
principal purpose of the several pulping 
processes for making paper from wood is the 
solubilization and removal of the lignin, leaving 
the cellulose in as pure a state as possible. 
However with the so-called high-yield pulping 
procedures for making cheap papers such as 
newsprint much lignin remains. Such papers 
yellow rapidly in light, as is commonly observed 
with newspapers. 


6.0 Lignans 


These are the low molecular weight counterparts 
to lignin, being dimers of the phenylpropane 
alcohols/phenols of the types indicated in the 
preceding section. They are present in the 
heartwoods of trees, including the conifers, and 
sometimes exude as a kind of resin from cut 
trunks or branches, though they are quite 
unrelated chemically to the terpenoid resins 
obtained by tapping. 

Lignans are of little significance to us here but 
it should be mentioned that one such material, at 
least, is produced in large quantities (up to 10 000 
tons annually) and used for various purposes as a 
substitute for phenolic resins. This is the ethanol- 
soluble material extracted, in Brazil, from the 
knots of the Parana pine (Araucaria angustifolia). 
This has been shown to consist of a mixture of 


CHCHCH,OH 


<5 Ol xL 
OCH, 
O 


CH=CHCH,OH 


E ‘OCH, 


OQ’ 


CH=CHCH,OH 


OCH, “OCH, 
Ó Ó 


CH=CHCH,OH 


Structure 6.1 


Coupling can take place between any two of 
these radicals to give a dimer with carbon- 
oxygen and carbon-carbon. bonds between 
different positions. Further phenol radicals can 
then be formed from the dimers resulting in 
coupling to give trimers, tetramers, and finally 
high molecular weight polymer. 

Lignin is a reactive material and is easily 
oxidized to coloured (yellow-brown) 
compounds and acidic products. This is one 
of the reasons why its presence in paper and 
cardboard is undesirable, for these acid products 
can catalyse hydrolysis of the cellulose, resulting 
in lowered molecular weight and consequent 
embrittlement, 


lignans including secoisolariciresinol and related 
compounds??? 


secoisolariciresinol 
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Proteins 


This class of material is encountered widely 
within museum and art gallery. Proteins are to 
the animal world what cellulose is to the 
vegetable and consequently such apparently 
diverse materials as dentine, sponge, bone, and 
ivory; silk, wool, and hair; skin products suchas 
leather and parchment are made of, or contain, 
protein. Other protein materials such as eggs, 
animal, and fish glue, and milk or casein are 
incorporated into paintings and other objects as 
binding media and adhesives. 

Although proteins have a wide range of forms, 
physical characteristics and biological function, 
they are made up of rather a limited range of 
chemical building blocks, known as amino 
acids!. These are nitrogen-containing acids and 
they can be liberated from a protein by 
hydrolysis. Twenty common amino acids are 
involved together witha handful of others found 
in specialized proteins, chemically degraded 
molecules, and fossilized materials. These 
common monomeric units are aliphatic 
compounds, branched chain aliphatics, hetero- 
cyclic and aromatic nitrogen-containing com- 
pounds as indicated in Figure 7.1. 

It can be seen that all of the amino acids, other 
than glycine, possess at least one asymmetric 
carbon atom, namely the one bearing the amino 
and carboxylic acid groups. It is traditional to use 
a D- and L-nomenclature, as with the 
carbohydrates, to describe the absolute 
configuration at this centre. In nature only the L- 
forms are utilized in protein synthesis so it is only 
these which are encountered in materials from 
living sources. 

The relationship of  L-alanine to L- 
glyceraldehyde is as follows: 


COOH CHO 
H,N=C=H HO=C=H 
CH, CH,OH 
L-alanine L-glyceraldehyde 


The amino acids are known as amphoteric 
substances, i.e. they carry both an acidic and a 
basic group on the same molecule. In 
consequence of this they usually exist as 
zwitterions or internal salts, for example glycine: 


H,N*CH,CO,- <> H,NCH,COOH 


This salt formation has consequences for their 
physical properties: they commonly melt at a 
rather high temperature (with decomposition) 
and they are correspondingly involatile. 

By a form of condensation involving an amino 
group and a carboxylic acid group, carried out 
enzymatically ¿n vivo these amino acids units are 
linked together by TOSI groups, known as 


O 
peptide linkages. Polymers containing between 
two and about fifty units are generally referred to 
as peptides or polypeptides. Larger molecules are 
usually known as proteins. 

The identification of proteins or polypeptides 
directly is a matter of some difficulty, especially 
when old and ‘denatured’, i.e. when their original 
composition has been modified. It is rarely a 
practical proposition in the case of museum 
materials. They have rather to be analysed in 
terms of their constituent amino acids, as 
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Figure 7.1 Structures of the amino acids obtained from the acid hydrolysis of proteins. They include both the 
natural acids and those formed as artefacts. Asymmetric centres are marked with an asterisk 


liberated by acid hydrolysis. Again, so far as the 
proteins of museum objects are concerned there 
are no unique amino acids for particular proteins 
whose presence serves to identify them but an 
identification is often possible by means of a 
quantitative assay of the amino acids. A summary 
of overall amino acid compositions for a range of 
proteins employed as adhesives and media 
appears in Table 7.1. E 

Some epimerization of the amino acids at the 
common asymmetric centre can take place when 
they are liberated by base hydrolysis of proteins. 


Loss of amino acids during hydrolysis also 
occurs through formation of humins. These are 
dark brown substances formed by condensation 
of amino groups (NH,) and the indole nucleus of 
tryptophan with aldehydes formed 7z situ, 


7.1 Kinds of protein 
7.1.1 Collagen and keratin 


These are examples of fibrous proteins, in which 
the linear polypeptide chains align themselves 
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Table 7.1 Amino acid compositions of proteins 
used as adhesives and media 


Amino acid Gelatin Egg white Egg yolk Casein 


Glycine 


24.7 3.6 315 1:7 
Alanine 10.1 6.3 5.6 251 
Valine 2.2 8.3 6.4 7.2 
Leucine 3.7 10.3 9:2 9.0 
Isoleucine 12 6.2 521 6.0 
Proline 13.0 4.5 4.5 13.2 
Phenylalanine 1.6 5.2 3.9 jl 
Tyrosine 0.0 1.4 2.8 5.5 
Serine 4.0 5.8 9.1 4.0 
Threonine 2:2 37 5.6 2.7 
1/2 cystine 0.0 1.9 1.9 0.0 
Methionine 1.4 1.2 2:3 2.3 
Arginine 8.2 6.8 555 1.0 
Histidine 155 2.4 2.4 3.6 
Lysine 4.1 8.0 5v] 6.7 
Aspartic acid 5.0 10.5 11.5 6.1 
Glutamic acid 9.7 13.9 15.0 20.2 
Hydroxyproline 7.4 0.0 0.0 0.0 


Results are taken from Keck and Peters?? and converted to 
weight percent of total. 


more or less parallel with each other. Collagen is 
the structural protein of connective tissues in 
animals and fish, including the various parts such 
as skin, muscle tissue, bone, and hide. Like other 
fibrous proteins, collagen is insoluble in water 
but when boiled for an extended period, or 
treated in a pressure-vessel with superheated 
water, it gradually leaches into the boiling 
solvent as gelatine, a partly degraded protein. 
This is freely soluble in mildly acidic water and 
has a molecular weight of about one third that of 
collagen. 

Structural studies of collagen show that it 
contains frequently repeating glycine-proline- 
hydroxyproline sequences*?. 

There appear to be three separate protein 
strands, each coiled with one-another in the «- 
helix conformation. They are rigidly held 
together in one overall complex by strong 
hydrogen-bonding interaction between the 
hydroxyl of the hydroxyproline and the amino 
hydrogens of adjacent glycine units9?. Gelatine 
results from the separation of the three strands as 
a consequence of scission of the hydrogen bonds 
between them and their replacement with 
hydrogen bonds to solvent water instead. 

The solution of leached material (for 
concentrations in excess of 2%) sets on cooling to 
a stiff gel, which has powerful adhesive 
properties on drying. Such material—animal 
glue—has found wide application as a strong 
adhesive for wood and fabric, as a pigment 
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binder in paint, and as an adhesive in the 
preparation of grounds on easel paintings. 

While mild treatment of collagenous material, 
i.e. less prolonged boiling, gives lighter-coloured 
materiais known as gelatins, glues tend to be 
darker, thicker and more turbid as a result of 
partially solubilized impurities and greater 
formation of dark humins. Fish glues are 
reported to be of lower structural stability than 
those from animal sources’. This is possibly 
linked to a lower proportion of imino acids 
(hydroxyproline and proline residues) present in 
the molecule’. 

Keratin!0!* is the structural protein found in 
hair, wool, feather, horn, nail and hoof. It is 
somewhat harder than collagen and is very 
insoluble as a result of a high degree of dithio ( — 
S —S—) cross-linking between chains. It is thus 
usually associated with a high content of the 
sulphur-containing amino acid cystine, typically 
in the region of 1275 in the case of wool or hair. 
Table 7.2 gives the amino acid compositions for a 
variety of proteins of these kinds. 

Tanning!" of protein (usually skin) to give 
leather is a two-stage process in which any 
keratin present in the hide (hair and epithelial 
skin layers) is dissolved by scission of the dithio 
cross-linkages between cystine residues by 
application of a reduction agent. The second 


Table 7.2 Amino acid compositions of some 
structural proteins 


Collagen Keratin Keratin  Fibroin 
(wool) (feather) (silk) 


Amino acid 


Glycine 26.6 6.0 7.2 42.8 
Alanine 10.3 3:9 5.4 33.5 
Valine 2:5 35 8.8 2:9 
Leucine S) 7.9 8.0 0.9 
Isoleucine 1.9 3.8 6.0 1.1 
Proline 14.4 6.7 10.0 0.5 
Phenylalanine 2.3 3.7 5.3 1.3 
Tyrosine 1.0 5.2 2.2 11.9 
Tryptophan 0.0 1.9 0.7 0.9 
Serine 4.3 8.4 14.0 16.3 
Threonine 222 6.6 4.8 1.4 
Cystine 0.0 12:8 8.2 0.0 
Methionine 0.9 0.6 0.5 0.0 
Arginine 8.2 9.9 7.5 1.0 
Histidine 0.7 3.0 0.7 0.4 
Lysine 4.0 0.9 1.7 0.6 
Aspartic acid 6.9 6.9 HES, 2.2 
Glutamic acid 11.2 14.5 9.7 1.9 
Ammonia 0.6 0.0 0.0 0.0 
Hydroxyproline 12.8 0.0 0.0 0.0 
Hydroxylysine — 1.2 0.2 0.0 0.0 


Results are taken from Ward and Lundgren", Bowes ef 4/30 
and Lucas ef 4/?! and converted to weight per cent of total. 
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stage, tanning proper, involves cross-linking of 
the collagen peptide chains to give extra 
structural stability of the fibrils. This usually 
takes the form of condensation with the 
polyfunctional phenolic materials known as the 
vegetable tannins (see page 127). 


7.1.2 Albumins 


The term albumen is often used to refer to white 
of egg while albumins are the class of proteins 
which occurs in eggs and some other materials. 
Eggs, either entire or as the yolk or the white, 
have been used widely as a paint medium, that 
which includes the yolk being known as egg 
tempera. 

The albumins are readily soluble in water and 
belong to a class known as globular proteins. 
These are held in a tight ball conformation by 
internal hydrogen-bonding between adjacent 
amino acid clusters in such a way that the more 
polar, hydrophilic groups line the outer surface 
of the ball and the hydrophobic groups are 
folded away within. However, these albumins 
quickly ‘denature’, under the effects of heat and 
certain reagents, by which is meant that they 
become insoluble (as when an egg is boiled). 
What happens is that the internal hydrogen 
bonds rupture and the molecular structure opens 
up and adopts an open chain-like structure, the 
overall hydrophilicity being lost. 

The two components of egg—white and 
yolk —qualitatively show no difference in terms 
of the amino acids present. Nevertheless, there 
are some subtle quantitative differences and it is 
possible to distinguish between the two by 
analysis in favourable cases. The proteins of egg 
contain moderate amounts of asparagine, 
glutamine, and leucine. The first two residues are 
converted to the corresponding acids aspartic 
and glutamic acid upon hydrolysis. An assay of 
these amino acids in particular permits 
distinction of egg tempera from glue or casein 
paint media. 

The actual composition of eggs in terms of 
individual proteins is quite complex but need be 
only briefly sketched here!®. Egg white contains 
a glycoprotein (i.e. a protein linked to a 
carbohydrate), ovalbumin, as the principal 
protein —about 50% of the egg-white proteins of 
hens’ eggs. It can be further separated into two 
components (A and B) by electrophoresis. It has 
an overall molecular weight of about 45 000. 
Unlike casein, below, egg white contains only 

one non-glycoprotein, namely lysozyme!?. This 
has a molecular weight of around 17000 and 
accounts for about 3% of egg-white proteins. A 


Table 7.3 Amino acid compositions of egg white 
proteins 


Amino acid Ovalbumin  Conalbumin Lysozyme 


c 


Glycine 
Alanine 
Valine 
Leucine 
Isoleucine 
Proline 
Phenylalanine 
Tyrosine 
Tryptophan 
Serine 
Threonine 
1/2 cystine 
Methionine 
Arginine 
Histidine 
Lysine 
Aspartic 
Glutamic acid 
Ammonia 
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Results are taken from Haurowitz?? and Jolles*?, and are 
converted to weight per cent of total. 


further 15% of egg white is made up of a second 
glycoprotein, conalbumin (MW _  85000)!8. 
Amino acid compositions for these proteins are 
to be found in Table 7.3. 

Egg yolk is rich in proteins!? which are 
associated with phosphorus-containing lipids 
and these include: 


phosphovitin?? (MW 21000), a composite 
protein ; 

X- and p -lipovitellins, lipoproteins?! ? contain- 
ing phospholipids; 

a-, B-, and 7-livetins. 


7.1.3 Casein and milk? 


These have found applications principally as a 
strong glue—casein glue—and, occasionally, 
milk tempera medium. Cow’s milk, the one most 
generally encountered, contains about 5.5% fat 
(see page 28), 4.9% lactose and between 3 and 
5% protein. 

The principal protein in milk is casein, a 
phosphoprotein complex, which may be 
precipitated by acidification of skimmed milk. 
This is what is happening when milk is curdled to 
make cheese. Overall, casein contains in the 
region of 1% phosphorus, mainly in the form of 
phosphoric acid esterifying the hydroxyl groups 
of serine and, in part, glutamic acid. The caseins 
are insoluble in water and the principal fractions 
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Table 7.4 Amino acid composition of milk 
proteins 


Amino acid Lactal-  B-Lacto- Caseins 
bumin globulin — & B y 
Glycine 2.9 AL 2:9: 7 ere eS 
Alanine 1.9 1.8 3:3 ESS 7251 
Valine 4.2 4.1 oe. ei) SES 
Leucine 10.4 9.2 7515510:2981018 
Isoleucine 6.1 6.4 5:8) 54:9 99450 
Proline 1.4 1.6 414191593 
Phenylalanine 4.0 4.8 4:2 2 5 S 
Tyrosine 4.8 4.5 1:3: 120:00909:3 
Tryptophan 6.3 6.6 1:429«0:6 etal 
Serinc 4.3 4.1 56:090 
Threonine 5.0 4.9 44 45 4.0 
Cystine 5.8 5:7 0.4 0.0 0.0 
Methionine 0.9 0.8 Pay S OES 
Arginine 1.0 1.4 IIE eo OSIE 
Histidine 2.6 3.0 2:60) a2 
Lysine 10.4 9.6 gO Sei 
Aspartic 16.8 17:1 GAT CVS SWS 
11.4 20.3 20.4 20.6 


Glutamic acid. 11.6 


Results are taken from Gordon and Ziegler*!, Block and 
Weiss, Gordon ef 4.9 and Gordon ef a/.37 and are converted 
to weight per cent of total. 


arc: 


%-casein, itself composite (75%). MW 27600; 

B-casein. MW 19 800 

y-casein, (3% 

K-casein. MW 26000, responsible for 
stabilizing the casein micelles. 


These caseins are the main component proteins 
of the solids from milk known as ‘curds’. When 
washed (with acid in the case of modern, 
commercial material) and dried, the product is 
known as ‘casein’. This forms a sludge with 
water, but in alkaline solutions, a colloidal 
suspension results. Whereas traditional recipes 
employ slaked lime to effect solution, ammonia 
solution is generally employed at the present 
time. 

With the casein component removed we are 
left with the *whey', whose proteins include 
lactalbumin (MW: 16000) and f-lactoglobulin 
(MW: 37 000). In total these make up only a small 
proportion of the milk proteins. They can be 
precipitated by ammonium sulphate solution. 
The amino acid compositions for the major milk 
proteins appear in Table 7.4. 


7.1.4 Vegetable proteins?! ? 


The seeds of leguminous plants and cereals 
contain varying amounts of protein. Aqueous 
extracts have found application as pastes and 
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adhesives?*. The seeds or beans of the former 
plant-types can contain as much as 50% protein 
by weight of dry, de-fatted material. Generally 
cereal grains contain, on average 10% by weight 
of protein. At most, only 0.5% of the total 
protein content of seeds is in the form of 
albumins, the bulk of the proteinaceous material 
having the properties of globulins, that is, they 
are precipitated by the action of 50% saturated 
ammonium sulphate solution in contrast to the 
albumins. 

These globulins may be further sub-divided 
into prolamins, which are soluble in aqueous 
ethanol and glutelins which fail to dissolve in 
either alcohol or salt solutions, but can be 
extracted by dilute acid or alkali. Soluble 
globulins include those isolated from hemp seed 
(edestin), excelsin (brazil nuts), amandin 
(almonds), legumin (lentils), gliadin (wheat), zein 
(corn) and hordein (barley). They are called 
prolamins in that they appear to have a high 
imino acid content. In addition, some appear to 
contain large amounts of glutamic acid (from 
glutamine) residues. Indeed gliadin is known to 
contain about 40% of glutamic acid (compo- 
sitions given in Table 7.5). 

Amongst the glutelins we may note glutenin, a 
sticky substance, whose properties result from 
dithio-groups between protein sub-units. Tables 
of amino acid compositions for a wide range of 


Table 7.5 Amino acid composition of some cereal 
proteins 


Amino acid Edestin Gliadin Zein 
(Hempseed) (Wheat) (Corn) 


Glycine 5.0 - — 

Alanine 5.1 2.1 10.5 
Valine 6.4 257! 4.0 
Leucine TES) 2170 
Isoleucine 5.5 11.9 5.0 
Proline 3.8 13.6 10.5 
Phenylalanine 6.3 6.4 7.3 
Tyrosine 4.9 3.2 53 
Tryptophan 1.2 0.7 0.2 
Serine 5.9 4.9 7.1 
Threonine 3.7 2.1 3.4 
Cystine 1.2 2.6 0.8 
Methionine 2.4 1.7 2.4 
Arginine 17.3 2: 1.7 
Histidine 2.9 1.8 1.3 
Lysine 2.9 0.7 0.0 
Aspartic acid 13.2 1-5 4.6 
Glutamic acid 21.3 45.7 26.9 
Ammonia 3.1 4.5 23.0 


Results are taken from Haurowitz?? and are converted to 
weight per cent of total. 
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component proteins are to be found in the 
literature?» 7 


7.2 Properties and durability 


Proteins are rather stable to oxidation and 
undergo little chemical change under normal 
conditions of temperature and humidity. 
Moisture is their enemy, not only because this 
can by itself effect slow hydrolysis of the peptide 
linkages and so reduce average molecular weight, 
but also because it permits fungi and bacteria to 
flourish. These secrete protolytic enzymes which 
break it down so that the amino acids can be 
digested by the organism. 

The changes which proteins can undergo on 
ageing, and which lead, for example, to 
diminished solubility of gelatin glue, have been 
considered by several authors recently?8-10, 
Birstein?5 has noted the infrared changes which 
occur in artificially aged gelatin and related them 
to possible changes in structure. Karpowicz?? has 
given a general account of protein changes 
including a brief mention of the reactions of 
proteins with oxidizing lipids and with 
carbohydrates. 

Photochemistry of proteins and amino acids 
has been considered in connection with the 
yellowing and ‘tendering’ of wool! 3. It was 
concluded that both peptide and cystine linkages 
are broken by light, particularly ultraviolet. 


7.3 Analysis of proteins 


Analysis of proteins is mostly of interest in 
connection with their use as paint media and 
adhesives, though residues in jars or pots have 
also been sometimes identified as particular 
proteins**. Bulk materials such as leather or 
animal fibres rarely call for analysis to pinpoint 
their nature, ncvertheless amino acid analyses of 
old protein fibres have been carried out®. A thin 
layer of material on a box of the ist Century AD 
was identified as horn??. 

When sufficient sample is available, hydrolysis 
of the protein and analysis of the amino acid 
composition has for long been the preferred 
approach to such analysis. Paper chromatog- 
raphy was applied to the problem even thirty 
years ago and led to convincing identifications’, 
Even recently modified methods have been 
recommended, notably circular paper chroma- 
tography which allows different reagents to be 
applied to different sections of the chromato- 
gram*8, Thin-layer chromatography has likewise 
been used, for its greater convenience’? 3, 


All this work was done with the free amino 
acids using the colour reaction with ninhydrin as 
the method for visualizing the spots. 
Unfortunately this has some disadvantages as 
this reagent only reacts rather weakly with 
hydroxyproline, the amino acid particularly 
valuable for identifying gelatin. An improved 
procedure using derivatives of amino acids has 
been recommended?!, This utilizes the ‘dansyl’ 
(i.e. the 5-dimethylaminonaphthalenesulphon yl) 
derivatives which are easily made and which can 
be detected on the thin-layer plates by their 
fluorescence under ultra-violet light at levels of 
less than 10-!? mole. Distinction between 
gelatin, casein, yolk, and egg white is claimed. 

The above two methods do not easily allow 
quantitative estimation of the amino acids which, 
as we have already indicated, is necessary for 
convincing identification. Quantitative 
estimation using the amino acid analyser, a 
machine employing ion-exchange chroma- 
tography and automatic quantitation using the 
ninhydrin colour reaction, has been much used 
for many years in biochemical studies but has 
been little used for museum materials, partly on 
account of the relatively large sample (0.3 mg) 
needed but one study has secured good results 
with it?9. 

Gas chromatography has, as always, great 
advantages as regards small sample size and ready 
quantitation but the disadvantage that both the 
amino and carboxylic acid groups of the amino 
acids must be derivatized to give adequate 
volatility. A simple approach to this is to silylate 
both groups at once?. Another is to prepare 
methyl esters of the acids and convert the amino 
groups to their trifluoroacetates®§. 

An experimental application of high 
performance liquid chromatography to 
examination of protein hydrolysates (after 
conversion of the amino acids to their 3-phenyl- 
2-thiohydantoin derivatives) has also been 
effected but it does not seem to show any 
particular advantages over gas  chroma- 
tography®’. 

An approach to identifying proteins as such, 
rather than as a hydrolysate, is by immunological 
methods. This is based on the reaction of the 
protein to antiserum to that protein, produced in 
rabbits which had been innoculated with it. The 
method was investigated more than twenty years 
ago with a certain success?? but the difficulty lies 
in obtaining sufficient undenatured protein from 
a paint sample, for example. 

Sometimes samples are so small that evidence 
simply for the presence of protein, without 
identifying it, is all that can be hoped for. A 
number of simple tests are applicable to this end, 
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mainly based on liberation of (alkaline) vapours 
of ammonia or amines when the protein is heated 
alone or in the presence of bases, which can be 
detected with indicator papers. A test for glue or 
gelatin, based on the presence of small amounts 
of free hydroxyproline, is a very sensitive colour 
reaction known as the modified Ehrlich test®’. 
Responses to staining reagents have been 
rather widely used to detect or identify protein 
media in paint cross-sections. These will be 
reported in the general discussion of this 
approach in a later section (page 148). 


7.4 Amino acid dating of 
proteinaceous materials 


It has been noted that the less thermodynamically 
stable amino acids are deficient or totally absent 
in fossilized proteins. In the laboratory this 
phenomenon may be simulated by controlled 
heating of both proteins and amino acids. In 
some cases there is a breakdown of the material to 
yield different amino acids, whilst there are also 
instances of epimerization at the asymmetric 
carbons$9, 

Examples of the former include arginine 
converted to ornithine and citrulline and aspartic 
acid converted to f-alanine: 


HN=C—NH, E CONH, 
NH CH,—NH, X 
G 15 da (CH,), + (CH,), 
pee H M san. H—C—NH, 
lace COOH o 
arginine ornithine citrulline 
COOH NH, 
n 2 


H-G=—NH çH, 
| 2 


COOH 


aspartic acid 


COOH 
B-alanine 
Illustrations of epimerization include the 


formation of alloisoleucine from isoleucine and 
that of D-aspartic acid from the natural L-form. 
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C,H, C,H, 
H—C—CH, H—C—CH, 
— 
H —C—NH, H,N—C—H 
COOH COOH 
isoleucine alloisoleucine 
COOH COOH 
CH, CH, 
2 2 
H—C—NH, H,N—C—H 
x | 
COOH COOH 


L-aspartic acid D-aspartic acid 


The kinetics of these reactions having been 
measured at a variety of elevated temperatures 
(to give measurable amounts of products in a 
short period), rates may be predicted by means of 
the Arrhenius extrapolation for temperatures 
nearer to those average for fossils and 
archaeological material. 

Once these parameters have been established a 
quantitative assay of the ratios of amino acid 
epimers, or of decomposition product and 
precursor, permits the age (i.e. the reaction time) 
to be estimated9*?, In general aspartic acid 
epimerization*-5 seems to permit the most 
reliable dating of samples from approximately 
1000 years BP to 100000 years BP*' 7. This is 
because of the superior analytical precision with 
which these epimers may be determined. 
Nevertheless, in excess of 100 000 years BP, work 
on fossil bones and teeth has shown apparent 
anomalies. 

The epimerization of isoleucine to allo- 
isoleucine, significant over longer time-scales, 
appears to offer a solution here*!. Amino acid 
dating techniques seem to be of application to 
material at least as old as the Miocene (26 million 
years BD). 

Amino acids can also be involved in quite 
another way in dating procedures, namely in the 
MC dating of bone. To avoid error from later 
contamination the pure amino acids may be 
isolated from the collagen of the bone and put 
through the HC dating process instead of using 
the whole protein’ 3, 
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Natural resins and lacquers 


A large number of trees and plants spontaneously 
exude sticky, water-insoluble by-products of 
their metabolism which are loosely referred to as 
resins. Others, on tapping, yield liquid water/oil 
emulsions with excellent film-forming 
properties, known as natural lacquers. 

As resins are so easily obtained, they have 
always been attractive materials for use as 
adhesives and coatings and it is in this form that 
they occur most commonly as museum materials. 
However, sometimes they have also been used to 
make objects, such as jewellery or small 
sculptures. This is especially the case of fossil 
resins such as amber, or the various hard copals. 

The chemistry of resins is diverse but most are 
composed of compounds belonging to the 
extensive chemical class known as the 
terpenoids. These are widely distributed in 
nature in both the plant and animal kingdoms. 

The terpenoids may formally be considered as 
made up of units of the C; compound isoprene: 


CH, 


CH,=C—CH=CH, isoprene 


They fall into groups as follows: 


monoterpenoids Cio compounds 
sesquiterpenoids C,, compounds 
diterpenoids Cy) compounds 
sesterterpenoids C,, compounds 


triterpenoids 
carotenoids 
polyisoprenoids 


C49 compounds 
Cio compounds 
(C5), polymers 


The sesterterpenoids are a small and rare group 
of no significance to us, while the carotenoids, 
important as natural colouring matters, will be 


dealt with in the section on coloured compounds 
(page 121). The essential oils of plants are 
composed largely of mono- and sesquiterpenoids 
while the natural resins contain mono-, sesqui-, 
di-, and triterpenoids. Interestingly, and very 
conveniently for classification and identification, 
di- and triterpenoids are not found together in 
the same resin. 


8.1 The monoterpenoids 
8.1.1 Oil of turpentine F 
Most natural resins, whether di- or triterpenoid, 
owe their initial fluidity to their admixture with 
the normally liquid mono- or sesquiterpenoids or 
both. Oil of turpentine is the mixture of 
monoterpenes obtained by.distillation of crude 
pine resin, the relatively involatile diterpenoid 
components remaining in the retort to be 
recovered as ‘rosin’ or ‘colophony’. 

The terpene hydrocarbons have the general 
formula C,)H,, and have a number of different 
basic skeletal structures, varied further by the 
positioning of double bonds. Structures of some 
of the more important terpenes are shown in 
Figure 8.1, most of them being components of oil 
of turpentine. The oxygenated terpenoids are the 
compounds responsible for the odours of flowers 
and aromatic herbs, of which they form the 
essential oils. 

Many different Pinus species form the basis for 
the world's production of oil of turpentine and 
so the composition of this is by no means 
uniform. A great deal of work has been carried 
out on these oils but unfortunately much of it 
before the development of gas chromatog- 
raphy!?. Some of the results of later work usin 
gas chromatography* Ware reported in Table 8.1. 
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2 


a-pinene B-pinene 


à 


B-phellandrene a-myrcene 
| `O | MOH 
camphor borneol and 
isoborneol 
| "OH | "OH 
menthol thymol 


2f 


limonene 4A3-carene 
B-myrcene 
| : | 7 
fenchone fenchyl 
alcohol 
$ | | 
linalool 1,8-cineole 


Figure 8.1 The structures of some monoterpenoid components of oil of 


turpentine and essential oils 


The main component is usually x-pinene but 
some species yield material of quite different 
composition. 

It has also been shown that compositions can 
vary within a species, resulting in a number of so- 
called chemical subspecies. The compositions of 
turpentines from different countries, 
unidentified by species, have been summarized!!. 

The oil of turpentine available in commerce 
comes as three kinds. First there is the 'gum 
turpentine', distilled from the resin as just 
described. ‘Wood turpentine’ is obtained by 
steam distillation of grubbed-up stumps of pine 


trees which have been felled for timber, while 
‘sulphate turpentine’ is obtained as a by-product 
of the paper pulping industry. Most of this last 
comes from the South Eastern United States, the 
major production area for pine products. It has a 
composition of some 60-70% x-pinene, 20-25% 
B-pinene and 6-12% other components. It is 
generally considered that wood and sulphate 
turpentines are inferior to gum turpentine for use 
in painting practice, though the grounds for this 
belief are not clear. 

The presence of double bonds, particularly 
conjugated double bonds, means that turpentine 
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Table 8.1 Monoterpenoid composition of some Pinus oils of turpentine 


Species Origin a-pinene B-pinene  A3-carene Limonene Myrcene  B-phellandrene Ref. 
P. pinaster Europe 68 30 3 
P. halepensis Europe 94 4 3 
-—var. brutia Europe 63 20 15 3 
P. pinea Europe 1.5 2 96 3,4 
P. longifolia India 34 16 49 3 
P. sylvestris Eurasia 68 7 23 3 
P. ponderosa N. America 7 33 36 13 9 5 
P. elliottii N. America 57 35 29:5 6 
P. contorta N. America 6 6 9 2:5 ! 69 7 
P. occidentalis Caribbean 64 22 8 8 
P. merkusii Indonesia 76 2 14 1.5 9 
P. &hasya Burma 76 19 1 2 10 


Figures are percentages. They are approximate and can vary 


components are readily subject to oxidation to 
give oxygenated, perhaps polymerized, materials 
which may be involatile and so remain 
incorporated into a varnish film when oil of 
turpentine has been used as the solvent. This is 
usually considered undesirable and a probable 
cause of yellowing. 

Most of the resins from the other genera of the 
Pinaceae, namely Larix, Abies, Picea, etc., also 
yield volatile oils of comparable composition to 
those from P¿nus but as these resins are only 
available in much smaller quantities, and are 
consequently much more expensive, there is little 
evidence that the oils have been much prepared 
or used. 


8.1.2 Other monoterpenoid products 


Camphor is a rare example of a natural product 
which is an almost pure chemical compound. It 
can readily be isolated from the wood of the tree 
Cinnamomum camphorae Nees, either by water 
extraction or by subliming with gentle heat. It 
has been known in South East Asia, where the 
tree grows, since early times and it was 
introduced to the West by the Arabs. Among 
other things it has found use as a plasticizer. 

Oil of spike (i.e. spike lavender, Lavandula spica 
DC) has, like oil of turpentine, been known since 
the beginning ofthe 16th Century. Itis a complex 
mixture of monoterpenoids, both hydrocarbon 
and oxygenated,. together with some sesqui- 
terpenoids. An analysis of one sample showed 
linalool and linalyl acetate as the major 
components!?, 

Oil of rosemary (Rosmarinus officinalis) was also 
one of the earliest known oils. In a study of eight 
samples from different areas of Spain (a major 
producer), camphor was the major component in 
each case!?. 


w 


idely. Minor components are omitted. 


The content of oxygenated monoterpenoids in 
the above two oils means that they are much less 
volatile than oil of turpentine. 


8.1.3 The art of distillation 


While distillation, in some form, seems to have 
been practised since Ancient Egyptian times, its 
use in Europe for the preparation of essential oils 
seems to have developed in the later 15th 
Century. In the Distillation Book of the 
Strasbourg doctor Hieronymus Brunschwig 
(1450-1534), published in Strasbourg in 1507, an 
elaborate distillation apparatus with 
fractionating column is illustrated, and the 
preparation of several oils —described!!. 
Thereafter several other books also appeared and 
the list of distilled products much amplified. 


8.2 Diterpenoid resins 
8.2.1 The diterpenoids 


The diterpenoids, and polymers formed from 
them, are the bulk material of two large groups 
of natural resins, those from the families 
Coniferae and Leguminosae. The resin- 
producing genera of the Coniferae, and the 
common names of the resins they yield, are 
summarized in Table 8.2. There are, in addition to 
the three subfamilies of the Coniferae given 
there, two others, the Taxodiaceae and the 
Podocarpaceae, which do not yield significant 
amounts of resin. Many minor genera are also 
omitted from the Table since they also only yield 
small quantities. 

The conifer resins contain diterpenoids 
principally of three main skeletal types. Pimarane 
and abietane compounds (Figure 8.2), almost 
exclusively acids, are most abundant in the 
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Table 8.2 Diterpenoid natural resins and their sources 


Coniferae 


Leguminosae 


Pinaceae Cupressaceae 


Araucariaceae 


Pinus species (Common or Tetraclinis articulata 
Bordeaux turpentine, (sandarac) 
rosin or colophony) 

Picea species (Burgundy 
pitch; scrape resin) 

Abies species (Strasbourg 
turpentine; Canada balsam) 


Juniperus species 


Cupressus species 


Larix species, notably 
L. decidua (Venice turpentine) 
Pseudotsuga mengiessii 


(Oregon balsam) 


Agathis species Hymenaea species 
(kauri, manila) (East African or Zanzibar copal; 


Brazil copal) 


Araucaria species Copaifera species (copaibas) 


Guibourtia; Tessmannia; Daniellia ; 
(other African copals; Congo, 
Accra, Benguela, Sierra Leone, etc.) 


""«CO0H : ~>sCOOH L ^ COOH 


palustric acid 


"-cooH 


neoabietic acid 


pimaric acid sandaracopimaric acid 


laevopimaric acid abietic acid 


^"cooH 


dehydroabietic acid 


ea SO SAA 
^*^ COOH | `~- COOH : ~<COOH ( ~~ COOH 


isopimaric acid 48-isopimaric acid 


Figure 8.2 The structures of some abictane and pimarane diterpenoid components of conifer 


resins 


Pinaceae resins, which are mainly 'soft' (i.e. 
soluble, unpolymerized) resins or balsams. 
Labdane compounds (Figure 8.3) are the main 
constituents of resins of the Cupressaceae. They 
are often conjugated diene compounds such as 
communic acid which readily polymerize to give 
low molecular weight polymer, still fairly soluble 
in rather polar solvents. All three groups of 


compounds are found in the Araucariaceae resins 
but these too contain mostly polymerizable 
labdane compounds. 

The Leguminosae yield both very liquid resins 
of the copaiba balsam type, containing 
nonpolymerizing labdane compounds dissolved 
in sesquiterpenes, or 'copals', hard resins of the 
polymerized labdadiene type. 
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YI 2 D | i 
2a R z^ R 2 COOH 


R=COOH cis-communic acid R=COOH trans-communic acid , 
R=CH,OH trans-communol 


R=CH,0H cis-communol 


7 COOH 


met R 

R*CH4 ent-copalic acid 
R=COOH agathic acid 
R=CH,OH agatholic acid 


cis-abienol 


iso-communic acid’ 


COOH 


lambertianic acid 


OH 


1 
1 
1 


R 
R=H  epimanoo! 
R=OH larixol 


R=OAc larixyl acetate 


Figure 8.3 The structures of some labdane diterpenoid components of 


conifer resins 


8.2.2 Pinaceae resins 


Of the various resin-producing genera of the 
Pinaceae, the pines (Pinus spp.) are the most 
important. Pines occur naturally only in the 
northern hemisphere and are the most abundant 
source of resin in the temperate regions. The 
resin exudes naturally from the trunks of many 
species and it must have been realized from the 
earliest times that the flow could be promoted by 
slashing through the bark. 

The quantities obtainable from a tree are quite 
large; up to 3 kg per annum for the European P. 
pinaster, 4 or 5 kg for some North American 
species. Since the trees are either abundant 
naturally or are easily and quickly grown the 
supply of resin comfortably exceeds that from 
any other source. 

Pine resins have thus always been the cheapest 
available and the most frequently used. 
Enormous amounts are still collected today, for 
the resin continues to be used in cheap products 
while the distilled oil of turpentine is a valued 
raw material for the synthesis of many organic 
materials. 


Table 8.3 gives the composition, in terms of 
major components, of the main resin-yielding 
species of Europe, Asia, and North America, 
together with some included for their unusual 
compositions!5?!, As can be seen, qualitative 
compositions of many species are essentially the 
same. 

Quantitative compositions are variable but do 
not remain constant due to isomerization of 
double bonds and oxidation and it is therefore 
only in exceptional circumstances that species, 
and hence geographical, origin of a sample can be 
determined by analysis. The few species which 
do have highly characteristic compositions are 
unfortunately not among the major resin 
producers. The P. cembroides group (Mexico and 
South-western United States) have very high 
proportions of A8-isopimaric acid!?. 

Other American species besides P. monticola, 
including P. aristata and P. ayacabuite also show 
the high content of ent-copalic acid!. Again a 
number of East Asian species including P. 
armandii, P. wallichiana, P. parviflora, P. koraiensis, 
and P. sibirica also show the high content of 
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lambertianic acid characteristic for the North 
American P. /ambertiana. There are also more 
subtle indicators of species origin such as the 
relative proportions of  pimaric and 
sandaracopimaric acid. 

It should be noted that the composition of the 
solid colophony or rosin left after distillation of 
the oil of turpentine has a composition which is 
somewhat changed from that of the original 
resin. The several abietadiene acids, laevo- 
pimaric, palustric, abietic, and neoabietic acids 
are interconvertible and the equilibrium mixture 
contains predominately abietic acid. Very little 
laevopimaric acid is left after heat treatment, as 
occurs during distillation. Some dispropor- 
tionation also occurs with formation of dehydro- 
and dihydroabietic acids. 

Compositional variations can only be of 
significance when considering the origins of 
resin samples which have been preserved in bulk 
or under circumstances in which oxidative 
changes have been kept to a minimum. This does 
happen and examples will be discussed in a later 
section. More commonly, though, the resin has 
been used as a component of a surface coating or 
paint, probably mixed with a drying oil and 
possibly subjected to heat during processing of 
the original varnish or other material. The 
diterpene acid composition will have been 
greatly changed and only the most stable of the 
components, notably dehydroabietic acid, will 
remain to indicate simply the original presence of 
a conifer, and probably a pine, resin?" ?. 

The larches (Larix spp.) are also distributed 
through Eurasia and North America but the only 
species yielding a resin which seems to have been 
put to use is the european L. decidua Miller, the 
soure of the semi-liquid resin known as Venice 
turpentine. This continued to be collected in the 
Austrian Tyrol until recently though Laurie, in 
his book, reports it as difficult to obtain even 
eighty years ago. The name still confuses many 
people who think of it as if it were an oil of 
turpentine. It is not, nor is there any reason to 
suppose that an oil of turpentine was regularly 
distilled from it since it would probably always 
have been rather expensive for this purpose. 
However preparation of an oil of turpentine in 
this way is specifically mentioned in the 17th 
Century De Mayerne manuscript, along with the 
use of Venice turpentine, as such, as a varnish. 

Venice turpentine has a very characteristic 
composition??, matched only by that of the north 
east Asian species L. gmelinii?* 5. It has a high 
proportion of neutral labdane compounds, 
namely epimanool, larixol, and larixyl acetate. 
The latter two compounds have not been 
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observed in the resins of any other genus and so 
their detection in a sample at once pinpoints the 
presence of this larch resin. The acid components 
are similar to those from the pines. 

Venice turpentine is often mentioned in early 
recipes for varnishes; as a paint additive; and asa 
raw material for the preparation of the soluble 
green pigment or glaze ‘copper resinate’. It is not 
in fact very satisfactory for any of these purposes 
and it is hard to understand why it should have 
been thought to be so. It dries very slowly to a 
rather yellow film and when dry the film is quite 
brittle. It has no polymerizable components 
(unlike Abes resins, to which it has only a 
superficial resemblance) and so is unlikely to 
incorporate itself into the polymer network of a 
drying oil film. Thirdly, its high proportion of 
neutral components means proportionately 
fewer acids to react with copper compounds to 
give copper resinate; pine resin, with almost 
100% of resin acids, is better for the purpose. 

Venice turpentine has sometimes also been 
added to waxes for various purposes, probably 
with the idea that it would plasticize the mixture, 
or improve its co- or adhesivity. 

The firs (Abies species) accumulate their very 
fluid oleoresin in blisters on the trunks of young 
trees and it flows out when they are punctured. 
Two are known to have been exploited, others 
may well have been. The european silver fir Abies 
alba yields Strasbourg turpentine, the olio di 
abezzo of the Italians, while the North American 
A. balsamea yields Canada balsam, well known 
for its use as a mounting medium in microscopy. 

The two materials are rather similar in their 
diterpenoid composition, both containing the 
familiar pimarane and abietane resin acids?!-?6 but 
also quitea large proportion ofa labdane alcohol, 
cis-abienol. This compound, with its conjugated 
diene system in the side chain, readily 
polymerizes and this may be partly responsible 
for the setting qualities of the resin. It may also be 
though that the B-phellandrene content of the 
monoterpenes plays a part in this. 

A painting medium incorporating Canada 
balsam was devised in the 19th Century and was 
named Palmaroli’s medium after its inventor?’. 

The Oregon Douglas fir, Pseudotsuga menziessi 
yields the so-called Oregon balsam which can 
collect in very large amounts (it is said up to 15 
gallons) in pockets or cracks in the trunks of old 
trees. The material has been available 
commercially but it is not known to what uses it 
may have been put. In addition to the usual resin 
acids, this oleoresin contains about 10% of a 
monocyclic diterpenoid alcohol thunbergol (also 
called cembrol) and its dehydration product 
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thunbergene (cembrence)?5.?9, These, and related 
compounds, are also found in a number of pine 
resins90.31, 


8.2.3 Cupressaceae resins 


The composition of the resins of this family are 
not easily summarized as they are rather varied, 
though having certain features in common. 
Many contain phenolic compounds such as 
totaroland ferruginol; most contain pimaradiene 


OH 


totarol ferruginol 


acids, particularly sandara-copimaric acid ; many 
contain the labdanoid communic acid as 
(initially) the major component. This very 
readily polymerizes to give a low molecular- 
weight polymer usually known as poly- 
communic acid3?32, This polymer (and related 
ones formed from similar dienes) are very 
important materials, being the key to the 
formation, and survival in nature, of the copals 
and fossil resins such as amber. 

Sandarac resin, from Tefraclinis articulata 
(formerly Callitris quadrivalvis) from North Africa 
has a composition which fits the above picture, 
with perhaps 70% of polymerized communic 
acid??, The remaining  diterpenoids (still 
detectable by gas-chromatography) are sandara- 
copimaric acid (major component) together with 
its 12-acetoxy derivative, some phenols 
including totarol, and some minor labdanoid 
compounds. 

The properties of resins such as sandarac are 
essentially those of polycommunic acid; thus 
they are rather polar materials and the resin is 
insoluble in non-polar solvents such as 
turpentine or white spirit but needs polar 
solvents such as alcohol. Likewise they are 
insoluble in drying oils and cannot be 
incorporated into an oil/resin varnish unless 
subjected first to severe heat treatment to 
decarboxylate, perhaps also partly depolymerize, 
the polycommunic acid. à 

The resins of Juniperus and Cupressus species are 
again rather similar to sandarac and contain high 
proportions of polycommunic acid. The 
european cypress, Cupressus sempervirens, often 


yields quite a lot of resin though its use never 
seems to have been specifically mentioned. Its 
chemistry has been studied and follows the 
general pattern3t, 

Juniper resins seem sometimes to have been 
confused with sandarac in the past, though 
whether because of uncertainties over the 
botanical origins of the two or whether because 
resins from Junipers were actually used is not 
known for certain. J. thurifera, growing in Spain, 
yields resin in good quantity. 

The Australian cypress pines (Callitris spp.) 
yield so-called Australian sandarac which once 
again consists largely of a form of polycommunic 
acid though here the monomer is perhaps largely 
the isomer of communic acid, ‘iso-communic 
acid’. A characteristic component of these resins 
is callitrisic acid, 4-epidehydroabietic acid?5.36, 


8.2.4 Araucariaceae resins 


The genus Agathis is the main resin-producing 
conifer genus in the southern hemisphere, 
particularly in Australia, New Zealand and the 
East Indies. The most important resin is Kauri, 
the produce of Agathis australis growing in New 
Zealand. This flows copiously from the trunk 
and has, in the past, accumulated in large 
quantities in the soil. It was this ‘semifossil’ resin 
which was collected and exported in the 19th 
Century for use in the manufacture of high 
quality varnishes. Being a hard and durable 
material it has also been used locally as a base for 
carving. 

Kauri has a fairly characteristic composition??? 
and is easily identified as a bulk material. Much 
of it is a polymer of the communic acid type but 
with the variation that since the fresh resin 
contains as much of the alcohol communol as the 
acid communic acid, the polymer consists of a co- 
polymer of these two compounds. Other major 
components of the resin are abietic acid, 
sandaracopimaric acid and its corresponding 
alcohol sandaracopimarol, and agathic acid. 
Some samples also contain large amounts of 
torulosic acid. 

Manila copal, from Agathis dammara also 
known as A. a/ba), goes under a variety of names 
supposedly reflecting the ‘hardness’ of the 
sample. Thus, fresh material obtained by tapping 
is called ‘melengket’ or ‘loba’; older, or hard 
varieties are called ‘pontianak’? or ‘boea’. The 
hardness is presumably a reflection of the degree 
of polymerization of the communic acid. The 
botany of A. dammara is rather confused and 
more than one species may be involved. 

Samples of Manila copal (different pieces from 
the same batch) showed two compositional 


CC-0. UP State Museum, Hazratganj. Lucknow 


MEN NUMEN UEM 


Digitized by Sarayu Foundation Trust, Delhi and eGangotri 


patterns!?, In addition to communic acid both 
contained sandaracopimaric acid, with large 
amounts of agathic acid and the acetate of 
agatholic acid. One variety also showed large 
amounts of torulosic acid. The chemistry of the 
resins of other Agathis species has also been 
examined! 4, 

The resins of Araucaria species have been 
examined and can be of rather complex 
composition® 9, It is not known whether they 
have ever been utilized. Some species yield resin 
which is admixed witha water-soluble plant gum 
(see page 68), insoluble in the solvents which 
dissolve the resin, Arauncaria angustifolia, growing 
in Brazil, yields an extractable resinous material 
of quite different chemical type (page 70). 


8.2.4 Leguminosae resins 


The family Leguminosae is an enormous one but 
the resin-producing trees are all from tropical 
genera within the tribe Detarieae of the sub- 
family Caesalpinioideae’. The origin of many of 
the copals and copaibas is sometimes unclear, 
both because of uncertainties in the botany of the 
trees involved and because the actual source of 
many of the resins in commerce is not known 
exactly, material passing through many hands 
between collector and final purchaser. The 
chemistry has also been much less studied than in 
the case of conifer resins, especially as regards the 
African copals. 

The diterpenoid content is different from 
conifer resins in certain important ways. Firstly 
the diterpenes are all (with rare exceptions) of the 
enantiomeric series; that is to say the skeletal 
structures are the mirror images of the 
corresponding compounds in the normal series 
(when such exist). However this fact is 
immaterial when it comes to analysis since it does 
not affect the physical properties of the 
compounds except for their optical rotations. 

Gas chromatography, mass spectrometry, 
spectral methods such as infrared, will give no 
information as to which series the detected 
compound belongs to. Most of the diterpenoids 
are labdane compounds and many, but not all, 
correspond to compounds known also from 
other sources. A selection is shown in Figure 8.4. 
Enantiomeric pimarane and abietane compounds 
seem not to be found, however. 

The solid copals are mostly very highly 
polymerized materials and the diterpenoid 
responsible for this polymer seems usually to be 
ozic acid, which is the enantiomer of communic 
acid except that the carboxylic acid group is 
equatorial rather than axial*®. The polymer 
formed from this seems for some reason to be 
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Figure 8.4 The structures of some labdane 
diterpenoid components of Leguminosae resins 


(copals and copaibas) 


more highly cross-linked than polycommunic 
acid for, when swollen by solvent (ether), it often 
remains as rubbery lumps retaining their original 
form. The proportion of such polymer in a 
number of African copals varied from 45 to 85%. 
The highest figure was found ina sample of East 
African or Zanzibar copal the source of which is 
well authenticated as Hymenaea verrucosa 
(formerly Trachylobinm verrucosum). 

A large number of fresh copals from 
authenticated botanical sources were examined in 
the early 1950s by Hellinckx by infrared 
spectrometry!?, Unfortunately this was just 
before the technique was adequately developed 
and the spectra obtained tell rather little. A 
number of old (probably fifty years or more) 
samples of African copals were examined by 
gas-chromatography/mass-spectrometry to see 
whether named kinds were of consistent and 
distinctive composition. To a certain extent this- 
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was so; thus samples labelled Sierra Leone copal 
were indeed similar and distinct from other 
types, and this was also true of another group 
named Accra copal. 

Samples labelled simply Congo copal were 
variable, at least quantitatively, and not clearly 
distinguishable from other samples labelled 
Angola and Benguela copal, in turn also rather 
variable. It must be said also that samples of East 
African copals were themselves quite variable 
despite supposedly all originating from the same 
botanical source. 

By no means all the compounds observed 
remaining in the soluble part of these resins have 
been identified but some have. Eperuic acid was 
present in most samples as was copalic acid 
though this was not observed in Sierra Leone 
copal. Almost all the resins contained the ozic 
acid isomer 'iso-ozic acid’. This has been found*? 
to constitute up to 95% of one sample of the 
ether-soluble components of Hymenaea verrucosa 
resin. 

The New World representatives of this type of 
resin all come from different species of Hymenaea, 
often under the name of Brazil copal?! 3. The 
major source in Central America and Mexico is 
Hymenaea courbaril but sources of the resin going 
under this name in South America would appear 
to be variable for the resin found in commerce is 
itself variable in properties. Most samples 
contain high proportions of ozic acid polymer, 
like all the African copals mentioned above, but 
some are completely ether-soluble and thus can 
hardly contain any. 

It should perhaps be noted here that copa/// was 
the Aztec name for resins in general. ‘Copal’ was 
said to be much used as a burnt offering in pre- 
Columbian Mexico but it may have been any one 
of the several kinds of resin in use there at that 
time which also included pine resins and the 
triterpenoid Burseraceous resins (see page 95). 

To sum up: the composition of the 
leguminous copals is highly characteristic as a 
group and they can be very readily distinguished 
from conifer resins, probably even by infrared 
spectroscopy. Distinguishing one from another 
would, in the present state of knowledge, be a 
much more doubtful proposition. It was found 

ossible* to detect small amounts of some of the 
labdanoid acids in a one hundred year old sample 
of copal varnish preserved in a bottle despite the 
fusion of the resin during its initial preparation, 
but so far no copal components have been 
noticed in old dried varnish films. 

The copaiba balsams are obtained from several 
species of Copaifera and they are collected largely 
in the territories of Amazonia. They are mobile 
liquids containing relatively low proportions of 


labdane diterpenoids dissolved in  sesqui- 
terpenes?! 7, They collect in hollows in the 
trunks of the trees, sometimes in very large 
volumes, and interest in them revived in recent 
years, at the time of the energy crisis, as some 
kinds can be used directly as fuel in diesel 
engines. 

Their use in medicine is now discredited as is, 
probably, their one-time popularity with 
paintings restorers who used them as an additive 
to solvents used for removal of old varnish. 
Their effect was to act as a temporary varnish on 
the cleaned areas of the painting (since they do 
not evaporate completely), thus avoiding the 
matt appearance inherent in the complete 
removal of old varnish. Copaiba balsam is said to 
have been used by painters of certain schools of 
South American painting of the colonial 
period’, 

A number of other viscous liquid balsams 
similar to the South American copaibas also 
exist. Thus ‘African copaiba’, otherwise known 
as wood oil or illurin balsam, is a similar product 
from the large savannah tree Daniellia oliveri. It 
contains a high proportion of daniellic acid 
(illurinic — acid)9*995 = the — enantiomer of 
lambertianic found in certain pine resins. Cativo 
gum?! is the oleoresin from the Central American 
cativa tree, Prioria copaifera. Yet another 
Caribbean tree, Eperua falcata, yields a similar 
oleoresin9?, 


8.3 Triterpenoid resins 


The triterpenoid resins originate from numerous 
genera of broad-leaved trees, predominantly but 
not exclusively tropical. Several plant families are 
involved and as the botanical origins do not, as 
they do with the diterpenoid resins, allow any 
clear forecast of the chemistry of the resins to be 
made, less emphasis will be put on the botanical 
classification. 

One can state generally that the triterpenoids 
found in resins are of a non-polymerizing but 
easily oxidizable nature. In the softer, even 
liquid, resins they occur mixed with, or dissolved 
in, sesquiterpenoids rather than mono- 
terpenoids. In some of the resins, suchas dammar 
and mastic, there also occurs a certain proportion 
of fairly low molecular-weight hydrocarbon 
polymer. 

It is the triterpenoid resins, and particularly 
dammar and mastic, which have proved most 
valuable as spirit-soluble varnish resins for 
paintings. This is probably because they are less 
yellowing than most of the conifer resins and 
more readily soluble than the leguminous copals. 
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They are pale in colour initially and though they 
do yellow with time, such thin films can be 
applied that the discolouration is never very 
serious. The optical properties of natural resin 
varnish films have long been considered almost 
optimum, and far more attractive than those 
yielded by most of the more stable synthetics. 
Oxidation results in polar products, probably 
of lower molecular weight, and this means that 
more polar solvents are needed to remove such 
varnish films than were used to apply them in the 
first place, nonetheless they are easily removed 
with the lower alcohols and ketones. They do 
have disadvantages though, for in addition to 
yellowing they also can craze and become matt 
and very brittle. It is by no means clear why they 
should form good films in the first place. 


8.3.1 The triterpenoids 


This large class of compounds5?-5! having thirty 
carbon atoms results from the cyclization of the 
unsaturated hydrocarbon squalene, or rather its 
2,3-epoxide. Squalene itself only occasionally 
occurs in nature, notably in some fish liver oils. 
The actual mechanism of the biosynthesis of the 
triterpenoids has been determined in consider- 
able detail®. Different pathways lead to several 
different basic skeletons, mostly tetra- or 
pentacyclic though tri- and even bicyclic 
compounds are also known. 

What function, if any, the triterpenoids play in 
the physiology of the plant is not known nor is 
the reason for the production of resins in plants 
and trees. The skeletons of some of the most 
important structural types have already been 
given in Figures 5.2 and 5.3, in connection with 
the occurrence of triterpanes in crude petroleum. 
In nature nearly all compounds have a functional 
group at position 3and a group (or double bond) 
at the other end of the molecule also. Some of the 
more important resin components are shown in 
Figure 8.5. 


8.3.2 The dammars 


The dammars are resins originating from trees of 
the sub-family Dipterocarpoideae of the family 
Dipterocarpaceae. This comprises some fifteen 
genera containing above five hundred species of 
large tropical trees all of which yield resins 9. 
Probably only a few of these have been exported 
to the West as varnish resins, but undoubtedly 
many others, which often have vernacular 
names, have been used locally and could well be 
encountered as components of ethnographic 
objects. 

The family occurs from the Seychelles to the 
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Philippines and New Guinea but it is most 
concentrated in the Malaya/Indonesia region. In 
Borneo some two hundred and eighty species are 
known. In India, Burma, and Thailand the 
picture is less confused, the principal resin 
yielders being Balanocarpus heimii, Shorea robusta, 
Vateria indica, and Hopea odorata. In Sri Lanka 
two species of Doona are the main source. Only 
relatively few of the resins have been examined 
from the point of view of their chemical 
composition. Even if they had all been examined 
it is unlikely that they would prove to be easily 
distinguishable. 

The material referred to as dammar in Europe 
and the USA, still freely available both as the 
resin and as the made-up varnish solution, 
appears to be of fairly consistent composition 
though of imprecise botanical origin. It is 
supposed to originate from species of Hopea or 
possibly Shorea and most of it comes from Malaya 
or Indonesia. In composition** it consists 
largely of compounds of the tetracyclic 
dammarane series (to which it gave the name) 
with a proportion of polymeric hydrocarbon, 
insoluble in methanol or ethanol, known as f- 
resene. The remainder of the neutral fraction was 
once known as &-resene before the individual 
components had been isolated. Such names have 
no chemical significance. Dammars from 
identified species have also been examined 
chemically? ?, 

Dammar appears to have been first used as a 
varnish resin only in about 1829 and was 
probably more widely used only fifteen or more 
years later”. The dried residue in a bottle of 
varnish left in Turner's studio on his death (1851) 
was identified as dammar*?* ë, Towards the end of 
the 19th Century the French chemist J. B. Vibert 
devised a retouching varnish consisting of the 
non-polar f-resene fraction (‘resin — V?), 
plasticized by the addition of a little poppyseed 
oil and dissolved in white spirit, and this was 
available commercially for many years**. 

Certain other materials originate from this 
family, notably the Gurjun balsams from 
Dipterocarpus spp. These are fluid oleoresins 
somewhat similar to the copaibas in appearance 
but consisting of triterpenoids dissolved in 
sesquiterpenoids?*. They have been used locally 
as caulking materials and as ready-made 
varnishes. 


8.3.3 Mastic 


Mastic is the most important of a group of resins 
from trees of the genus Pistacia of the 
Anacardiaceae family. The shrub P. /emtiscus 
grows along many Mediterranean coasts but the 
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Figure 8.5 The structures of some triterpenoid resin components 


larger tree form which yields the resin is found 
mainly on the island of Chios. 

As a Mediterranean product the resin has 
naturally been known from antiquity though 
whether (and if so, how) it was used as a varnish 
material before the development of distilled 
essential oils is not known. Mastic dissolves 
readily in oil of turpentine but rather 
incompletely in mineral spirits unless aromatics 
such as toluene or xylene are added. 


Mastic has some compounds in common with 
the dammars though its components are more 
varied and bave not been completely elucidated. 
Several acids of the euphane series have been 
isolated as well as various compounds of the 
pentacyclic oleanane series?9 99, A hitherto 
unknown bicyclic diol has also been recently 
isolated?!. Mastic contains, like dammar, a 
proportion of polymeric hydrocarbon insoluble 
in lower alcohols. 
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Most of the remaining Pistacia species and 
their varieties also yield resins including P. vera, 
the source of the edible pistachio nuts&. The 
resin produced in the galls of other species has 
also been looked at83, 

A soft balsam-like resin, once important, 
known variously as Chios, Chio or Chian 
turpentine or Cyprus balsam, originates from a 
large and imposing tree, named either P. atlantica 
or P. terebinthus var. Atlantica, which is often 
grown in Turkey, Cyprus, and the Near East asa 
shade tree. According to Tschirch and Stock it 
was once abundant in North Africa, Arabia, and 
Persia. The resin is still sometimes collected in 
Cyprus (particularly near Paphos) and made into 
a kind of chewing gum. 

This material was the original terebinth or 
turpentine, the name only later being transferred 
to conifer resins. Because of its more fluid nature, 
Chios turpentine could conceivably have been 
used as a varnish or coating without the need for 
a diluent or solvent. Lucas speculated that more 
than 50 kg of resin, found filling the gap between 
an Egyptian sarcophagus and its outer case, was 
this material?*, This point could probably now be 
easily settled by analysis. 

Various species of Schinus, notably S. molle the 
*pepper tree', of central and south America also 
yield resins, sometimes called American mastic. 
This seems however to be a gum resin with a 
proportion of material insoluble in resin 
solvents. 


8.3.4 Elemis 


Varius genera of the family Burseraceae yields 
resins, notably Canarium, Bursera, Amyris, and 
Protium. Al of these have been sometimes given 
the name elemi though this is now generally 
restricted to Manila elemi from  Cazarium 
/nzonicum growing in the Philippines. 

Canarium species are largely distributed from 
northern Australia through east and south-east 
Asia (including India) and Africa, while the other 
genera occur mainly in central and south 
America. Mexican elemi is the product of Amyris 
elemifera, West Indian from Daeryodes hexandra. 
Names are sometimes misleading, that from the 
Indian C. strictum for example being known as 
black dammar*s, 

The elemis usually contain a good deal of 
liquid sesquiterpenes and are soft malleable 
materials with a strong, pleasant citrus odour. 
The component triterpenes5*5? sometimes 
crystallize out giving an opaque white 
appearance. Most of the elemis contain large 
amounts of the pentacyclic alcohols «- and j- 
amyrin (originally isolated from Amyris resins) 
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while the so-called elemi acids of the euphane 
group were originally isolated from Manila 
elemi. The resins as a whole have not been 
systematically studied. 

Because of their initial malleability, elemis 
have been supposed to be good plasticizing 
materials and consequently have been included in 
recipes for varnishes and relining wax mixtures. 
There is no reason to suppose, though, that they 
have any lasting effect of this kind since the 
mono- and sesquiterpenoids responsible for the 
original softness will eventually evaporate. 


8.3.5 Miscellaneous resins 


The family Burseraceae also yields a group of so- 
called gum-resins which contain a proportion of 
water-soluble gum. This group includes the 
myrrhs, from Commiphora species and Olibanum 
(frankincense) from Boswellia species, both of 
which contain triterpenoids in the resinous 
part$*59, These materials, of near and middle 
Eastern origin, have mostly found uses in 
medicine and cosmetics and so may sometimes be 
encountered as grave goods rather than 
incorporated into artifacts. 

Of diverse botanical origins are the so-called 
balsamic resins, of which the main components 
are not terpenoid but esters of benzenoid acids 
(benzoic and cinnamic acids) with benzenoid 
alcohols. Although of early introduction into 
Europe their main uses have again been 
medicinal or in cosmetics or perfumes. Benzoin, 
however, has sometimes been used as a varnish 
dissolved in alcohol. 

Both Sumatra and Thailand benzoin come 
from species of Styrax (Styracaceae). Little work 
has been done on their chemistry in recent years; 
as well as triterpenes they contain large amounts 
of coniferyl benzoate9?, The materials known as 
storax from Liquidambar species (Hammame- 
lidaceae) likewise contain triterpenes and similar 
aromatic compounds?!, The South American 
Tolu and Peru balsams, from two varieties of 
Myroxylon balsamum (Leguminosae), also contain 
aromatic esters such as coniferyl benzoate and 
benzyl benzoate 9?, 

The various coloured resins are discussed on 
pages 124 and 126. 


8.3.6 Analysis and findings of resins 


The detection of resins in paint media and 
varnishes has until recently been uncertain, and 
their specific identification almost impossible. 
General schemes for their analysis have been 
proposed and some successes reported® 5, Early 
methods have been critically examined and the 
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advantages of gas chromatography demon- 
strated®®, while the analysis of some early 
instrument varnishes has been reported using 
this technique??, Success was claimed for infrared 
and thin-layer chromatography in identifying a 
varnish on a painting by Rubens as mastic?5, 

The differences between mastic and dammar, 
as revealed by Fourier transform Infrared 
spectroscopy have been studied9?. Infrared 
spectroscopy of a large sample of an original 
varnish from an 18th Century painting failed to 
give a certain identification! The resin 
composition of European lacquers has been 
investigated with the analytical findings being 
perhaps rather overinterpreted!?!, 

In an archaeological context, with larger 
samples, there is more scope for positive 
identifications. Conifer resins (probably from 
pines) have been detected by gas chromatog- 
raphy in a 6th Century BC Egyptian jar!9?, as an 
adhesive in a Punic vessel and other sources?!, 
and in amphorae!9?, This latter finding has 
sometimes been misinterpreted as representing 
the remains of resinated wine when in fact the 
resins were used to seal the interior of the 
unglazed vessel, as explained by Lucas!9», Resin 
is very insoluble in aqueous alcohol of the 
strength encountered in wine. Most of the 
flavour imparted to resinated wine comes from 
the oil of turpentine constituents. 

Most of the above findings are based on the 
detection of dehydroabietic acid but in some 
cases (the Punic ship material for example) the 
resin shows the whole range of pine resin 
components through having been preserved in 
an anaerobic environment, i.e. at the bottom of 
the sea. 

Detection of the resin galbanum (from Ferula 
galbanifera, Umbelliferae) in the wrappings of an 
Egyptian mummy has been briefly reported!95. 


8.4 Fossil resins 


The term ‘fossil’ does not have any very precise 
meaning but as applied to resins it implies a 
material of age measurable on the geological time 
scale rather than of some thousands of years, as 
with say the ‘semi-fossil’ kauri found buried on 
the sites of old forests. Such fossil resins are 
sometimes found within geological mineral 
strata or in coal measures but these have found 
few uses and little work has been done on them 
except to make unsatisfactory attempts to classify 
them mineralogically. 

The fossil resins which have found favour as 
jewellery and as a raw material for constructing 
objects, with primitive peoples and with 


sophisticated civilizations alike, are usually 
known as ambers. These are materials which, 
geologically speaking, are of secondary 
deposition and have been subject to weathering 
and polishing by soil and water. 


8.4.1 Baltic amber 


The best known of the ambers is Baltic amber 
(Succinite, to give it its mineralogical name) 
which is found primarily in the ‘blue earth’ 
stratum on the Baltic coast of what was formerly 
East Prussia and is now partly in Poland but 
largely in the Soviet Republic of Lithuania. 
However it is also found elsewhere because its 
density is such that it floats in salt water and thus 
sometimes arrives on the shores of the other 
Baltic countries and even as far afield as the coast 
of England. It is also found in Russia and on the 
shores of the Black Sea, brought down by the 
River Dnieper. 

As a rare and precious material, amber has 
been the subject of speculation and experiment 
since antiquity. A bibliography of the extensive 
amber literature has been compiled!9:!08 and 
there are recent books on different aspects of it. It 
has long been accepted that it is a resin of plant 
origin, and study of the palaeobotanical remains 
associated with it led, in the last century, to the 
certainty that the plant source was a conifer and 
to the naming of this source as Pues succinifer. 
Later this mame was changed, rather 
unfortunately, to Pinus succinifera although it was 
recognized that the source tree did not closely 
resemble any modern Pinus species. 

Early work on the chemistry showed that 
amber contained the dibasic acid succinic acid, 
HOOC.CH,CH,COOH, both free and 
esterified, but the chemistry of the bulk of the 
resin led only to the isolation of poorly defined 
and non-homogeneous fractions. These were 
given the elaborate names characteristic of resin 
chemistry at the end of the last century when the 
idea of polymers with a continuous range of 
molecular weights had not yet been developed. 
The chemistry of amber will here be discussed 
only in the light of recent findings!09-15, 

Amber is only very incompletely soluble in 
organic solvents; in ether, for example, roughly 
20% dissolves. The insoluble fraction is partly 
swollen by solvent, though without losing the 
original form of the pieces, to give a material of 
firm but rubbery consistency ; behaviour typical 
ofa high molecular weight cross-linked polymer. 
This in fact is what it is, and of a kind which 
could be thought of as a natural alkyd resin (page 
115)—the product of esterification of a 
polyvalent alcohol with a dibasic acid. At the 
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same time it has some of the properties of an ion- 
exchange resin, for the polymer has a proportion 
of free carboxylic acid groups on it. 

The polyvalent alcohol is (with perhaps some 
modifications caused by age) the co-polymer of 
communol and communic acid as found in kauri 
resin (page 90); the dibasic acid is succinic acid. 
Succinic acid esters are easily saponified, 
consequently fairly mild alkali treatment of 
amber polymer gives (after acidification) a 
product withan infrared spectrum very similar to 
that of communol-communic acid co-polymer. 

Conversely, succinylation of the polymer from 
kauri gives a very insoluble product with 
infrared spectrum close to that of amber 
polymer. Only about half of the hydroxyl groups 
on the amber polymer are succinylated, the rest 
are still free. The esterification by succinic acid 
serves to link together different polymer 
molecules, or different parts of the same 
molecule, thus increasing average molecular 
weight and structural rigidity, factors which 
increase melting point and diminish solubility. 

Esterification can also take place with other 
alcohols present in amber (see below) and these 
can therefore be attached to the polymer through 
a succinyl link. It is noteworthy that the !3C 
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nuclear magnetic resonance spectrum!!? of baltic 
amber can be readily interpreted on the basis of 
the above structure for amber polymer. This 
spectrum was obtained using a technique known 
as ‘magic angle spinning’ which allows spectra to 
be obtained from solid samples. 

The ether-soluble part of amber also contains 
polymeric material, presumably of lower 
molecular weight, but more interestingly it also 
contains very small amounts of several hundred 
individual compounds which can be readily 
separated and observed by gas-chromatog- 
raphy!99.110, The chromatogram obtained (Figure 
8.6) is qualitatively fairly constant from sample to 
sample and allows Baltic amber to be certainly 
identified and distingished from other resins. 

The compounds observed fall into groups. 
Earliest emerging are monoterpenoids including 
borneol, camphor, fenchyl alcohol, and 
fenchone. In the same region comes a large peak 
of dimethyl succinate (when the extract has been 
methylated). Then follows a long section with 
many minor compounds and only one or two 
relatively major ones which include fenchyl 
methyl succinate and bornyl methyl succinate, 
present in the resin as the fenchyl and bornyl 
hemisuccinates. 


800 900 1000 1100 1200 1300 1400 1500 


scan no. 


Figure 8.6 Capillary gas chromatogram of the ether-soluble components of Baltic amber after methylation of 


acids with diazomethane. 


The earliest group of peaks contains dimethyl succinate (largest peak) and several monoterpenoids; the two 
major peaks in the middle of the chromatogram are due to methyl fenchyl succinate and methyl bornyl succinate; 
the group of peaks from about scan 950 onward contains mostly familiar diterpenoid methyl esters 


CC-0. UP State Museum, Hazratganj. Lucknow 


— 
—— 


Digitized by Sarayu Foundation Trust, Delhi and eGangotri 


98 Natural resins and lacquers 


The last and most interesting section of the 
chromatogram consists mainly of diterpenoid 
resin acid esters including many of the familiar 
ones known from fresh conifer resins. Although 
present in only small amounts (the most 
abundant probably represents only some 0.4% of 
the whole resin) the fact that they have surived 
over the millions of years of the resin's existence 
is very remarkable. This means that at no time 
can it have been subjected to very severe 
geological conditions. 

The question of amber's palaeobotanical 
origin is not of relevance here; suffice it to say 
that it evidently came from a tree with a resin 
chemistry closer to that of the present day 
Araucariaceae family than the Pinaceae family. 
The succinic acid content is, however, 
uncharacteristic of any Coniferous resin though 
interestingly small amounts of the hemisuccinate 
of agatholic acid have recently been detected!'8 in 
the resin of the Japanese pine P. pumila. 

Attempts which have been made to show that 
amber is formed from abietic acid! were 
misconceived, based as they were on the idea 
that, since the source tree had been named Pinus 
succinifera, its resin chemistry must have been 
essentially similar to that typical of modern Pinus 
species. There is no evidence to show that a high 
molecular weight polymer can be formed from 
abietic acid, either in the laboratory or under 
natural conditions. 


8.4.2 Amber objects and finds 


The principal use for amber has been as jewellery, 
and items of this nature are often found as grave 
goods. Identification of the material as Baltic 
amber (or otherwise) is therefore of great interest 
from the point of view of trade routes and the 
extent of intercourse between widely dispersed 
peoples. Much work was carried out in the late 
19th Century, particularly by Otto Helm, to 
identify the origins of amber finds from Mycenae 
and other Mediterranean cultures. Simple tests 
were used including observations of colour, 
density, hardness and, most particularly, the 
formation of succinic acid on heating. This last 
needed a large sample, however, and was not 
always reliable. This work has been summarized 
and critically assessed by Beck!!?. 

The situation was transformed by the 
introduction of infrared spectrometry!?9.1?!, The 
infrared spectrum of Baltic amber (Figure 8.7) is 
quite characteristic and distinctive (at least when 
considering only European ambers) and is, 
essentially, that of the amber polymer discussed 
above. Beck and his co-workers have shown that, 
using only small samples, archaeological samples 
can usually be easily identified as to type!??. 

As already indicated, gas-chromatography is 
even more precise a method but infrared 
spectrometry is less time-consuming and better 
adapted to the examination of large numbers of 
samples. A method involving gas-chromato- 
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Figure 8.7 Infrared spectrum (KBr disc) of Baltic amber. 
The main features of the spectrum are largely those of the amber polymer, a co-polymer of communol and 


ic acid (Figure 8.3) cross-linked by partial succinylation. The band at c. 1160 cm-! is due to the succinyl 
EUER d e at 1710-40! is due to ester and carboxylic acid groups; those at c. 3040, 1640, and 
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graphic estimation of the succinic acid has 
however been found necessary in cases where the 
sample was so weathered as to give an ambiguous 
infrared spectrum!?2, 

Needless to say, infrared spectrometry readily 
allows the distinction of amber from numerous 
modern imitation ambers (used especially in 
jewellery), made of several kinds of synthetic 
resins. Early 20th Century examples of these are 
usually of phenol-formaldehyde resin (Bakelite) ; 
more recent kinds (in the 1970s) are commonly 
polystyrene. It is sometimes, but not always, 
possible to make the distinction using quite 
simple tests such as effect of heat, solubility, or 
even density. 

Amber varnish, made in the same way as other 
hard resin/oil varnishes, would seem to have 
been manufactured in considerable quantities 
during the peak period of amber production in 
East Prussia from the small pieces and cuttings 
which were otherwise unusable. It might prove 
impossible to identify such a varnish. No work 
has been so far done to such an end. Amber 
varnish, quite possibly genuine, is still available. 
It is hard to think of any valid use for it; certainly 
it has none in the field of conservation. 

Despite the fact that amber is many millions of 
years old, and might be thought to have achieved 
chemical stability, this is not so. Unbroken pieces 
of amber are indeed protected by their weathered 
outer layer (very thin, as can beseen when freshly 
broken open) but when fresh surface is exposed, 
as with worked amber, then reactive components 
are exposed to oxidation and further change. 


8.4.3 Other fossil resins 


There are several other fossil resins which also go 
under the name of amber. Some are of European 
origin!** and consequently it was to be able to 
distinguish these from Baltic amber that 
examination of archaeological finds were 
undertaken. Little or no work has been done on 
their chemistry, which remains a field ripe for 
investigation. 

Sicilian amber (Simetite) was naturally a prime 
contender in the identification of Mediterranean- 
culture amber finds, which however have often 
turned out to be of Baltic origin. Baltic amber 
itself co-occurs with several other yarieties with 
such names as Glessite, Gedanite, Beckerite, 
Stantienite, etc. The first is apparently a fossil 
triterpenoid resin since it has been shown by its 
X-ray diffraction pattern to contain &- or f- 
amyrin!?$; the others have not received any 
attention from the chemical point of view. 

Other named varieties are Rumanian 
(Rumanite) and Spanish amber, the latter 
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originating from the north coast of Spain. 
Interestingly a brown pigment used in the 
prehistoric cave paintings of Altamira was 
identified, using both infrared spectroscopy and 
gas-chromatography, as being this fossil resin!?6, 
Hard water in the caves had converted the resin 
polymer to its salt (probably mainly the calcium 
salt) but treatment with acid returned this to the 
free acid with infrared spectrum close to that of 
the fossil resin!?7. 

Objects made of carved resin are sometimes 
found in Central America and these seem to be 
made either of the leguminous copal from 
Hymenaea courbaril or the fossil resin (Chiapas 
amber, etc.) which is believed to have originated 
from similar trees!?5.1??, Colombian amber is very 
probably also of Hymenaea origin. 

Another variety of amber, currently very 
much in demand, comes from the Dominican 
Republic. The botanical affinities of these and 
other ambers to modern resins of known source 
have been examined on the basis of infrared 
spectrometry!?! and, more recently, !?C nuclear 
magnetic resonance (NMR)!9°, These ambers, 
like other insoluble fossil resins, result 
predominantly from the polymerization of 
labdadienoid compounds. 

Japanese ambers, and objects made from them, 
have also received some attention in recent years 
mostly using infrared spectrometry 41-182, 


8.5 Polyisoprenoids —rubber 


The term ‘rubber’ nowadays embraces synthetic 
materials in addition to the natural product, but 
only the latter, also known as caoutchouc and 
‘gum elastic’, need concern us here. 

Many different plants yield, by tapping, a 
milky emulsion of raw rubber in water known as 
latex. Most of these are indigenous to Central and 
South America, the product from Hevea 
brasiliensis (Euphorbiaceae) being the most 
important both as regards yield and quality. The 
conversion of this latex to useful articles was 
known to the natives of the New World for long 
before it was introduced into Europe: balls (for 
games), shoe soles, coated fabrics, small 
sculptures were all produced from rubber by the 
Aztecs, Mayas, and South American peoples. 

After its introduction into Europe, for a long 
period rubber must have remained little more 
than a curiosity until the discoveries of the 
processes of mastication and vulcanization 
allowed the modification of some of its 
properties which had made for difficulties of 
handling or use. 


The rubber in the latex is suspended as 
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negatively charged particles of average diameter 
0.5 4 and comprises about 35% of the emulsion. 
It is coagulated by acidification to about pH 4.2 
with acetic or formic acid and the raw material is 


The materials known as gutta-percha from 
Palaquinm oblongifolium (Sapotaceae), growing in 
South East Asia, and balata from Mimusops 
globosa, of South America, are also polyisoprenes 


rolled into sheets or processed in other ways. and both have the all /razs structure: 


8.5.1 Structure of rubber 


The hydrocarbon isoprene was first obtained as a 
quite minor product of the pyrolysis of rubber. ~ 
After the observation that this, on standing, CH,CH, H CH, 
yielded a rubber-like material Bouchardat, in 
1879, suggested that isoprene was a foundation 


Modern spectroscopic methods such as nuclear 
stone of rubber. 


magnetic resonance spectroscopy have failed to 


The fact that rubber was made up solely of 
carbon and hydrogen in proportions corre- 
sponding to the empirical formula C,H, had been 
established earlier in the century. Later it was 
shown that rubber has one double bond to each 
C,H, unit and is of high molecular weight. 
During the present century the idea that the 
rubber molecule consisted of long chains formed 
by the regular linking of isoprene units was only 
quite slowly established; there was resistance to 
the whole idea of long polymer chains in the first 
decade and rival theories involved ring 

' structures and non-covalent bonding involving 
the double bonds. 

However it was shown that reaction of rubber 
with ozone (Og; ozonolysis) followed by 
hydrolysis gave levulinic aldehyde, CH,COCH, 
CH,CHO, in amounts accounting for 95% of the 
tubber hydrocarbon. This could only be 
consistent with a structure involving regular 
head-to-tail linking of the isoprene units: 


CH, CH, CH 


| | | 
—CH,C—CHCH,CH,C—CHCH,CH,C—CHCH,— 


O, then 
HO 


3 


Cm CH, 
—CH,C—O + O=CHCH,CH,C=O + 
CH 


Ve 
O=CHCH,CH,C=O + O=CHCH, — 


The presence of different substituents on the 
double bonds allows for the existence of 
geometric or cis-trans isomerism. It is now 
known that in fact natural rubber is the all cs 
isomer: 


Gek e O A 

Z 
‘c= Nel 
‘cH,CH,  CH,CH, ^ CH,CH, 


detect even small amounts of polymeric material 
in natural rubber resulting from other than 1,4 
(head-to-tail), all cs linkaging. It should not be 
supposed that rubber is actually formed in the 
plant by polymerization of isoprene. In common 
with other isoprenoids its biosynthesis involves 
quite different routes. 


8.5.2 Properties and modification of raw 
rubber 


The polymer chains of natural rubber are very 
long and the material has an average molecular 
weight of more than a million. The properties of 
rubber, and notably its elasticity, are a 
consequence of this and the regular alignment of 
the chains in the solid. Extending such a linear 
molecule involves deforming the bond angles so 
that the carbon atoms lie more nearly ina straight 
line. Energy —the force required to stretch the 
rubber — is needed and will be released again as 
heat when the material is allowed to resume its 
natural form. 

Since these chains are not significantly cross- 
linked, raw rubber is soluble in suitable non- 
polar solvents and such rubber solutions have 
found many uses. As a material for making 
objects, however, it has disadvantages in that it 
becomes soft and sticky when warm and firm 
when cold. Experiments on ways to render its 
properties less temperature dependent were 
undertaken in the 1830s by Charles Goodyear 
and, following up earlier observations by others, 
he devised the process of heating with 
elementary sulphur which subsequently came to 
be known as vulcanization. 

While it is known that the overall result of this 
process is to effect cross-linking between the 
polymer chains, so producing a more rigid, 
insoluble material with properties less affected by 
temperature changes, the nature of these cross- 
links has not been wholly clarified. When large 
amounts (up to 30%) of sulphur are used the 
product is hard rubber, formerly known as 
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Vulcanite or Ebonite, which is no longer flexible 
and can be machined. 

Rubber, even when vulcanized, still contains a 
high proportion of double bonds and so is 
susceptible to oxidation and particularly to the 
action of the ozone in the air which causes it to 
become hard and brittle. The chains are broken 
down in the way indicated above to give low 
molecular weight products. 

As with all high polymers even small chemical 
changes have quite disproportionate effects on 
physical properties. The effect of one molecule of 
ozone per polymer chain is to reduce average 
molecular weight by half. For an initial average 
molecular weight of one million this needs only 
one part in about 4000 by weight of ozone. 
Oxygen gives rise to ozone when an electrical 
discharge is passed through it and consequently 
the latter is often formed in the vicinity of 
various kinds of electrical apparatus, causing 
rapid deterioration of rubber insulation exposed 
to it. 


8.5.3 Conservation of rubber 


Articles made of rubberare relatively uncommon 
in the museum but are bound to be encountered 
more frequently with the increased interest in 
modern artefacts and industrial archaeology. The 
problems of conserving such material are great, 
given the chemical vulnerability of rubber, and 
are increased by the complexity of the 
formulation of rubber products: many materials 
both organic and inorganic were added. The 
topic has been the subject of a pioncering 
review!?3, 


8.6 Insect resins —shellac 


There is essentially only one important resin of 
insect. source —shellac. The resin is secreted by a 
scale insect, L acci fer lacca Kerr, which infests a 
nu mber of possible host trees, so as to completely 
cover the twigs and branchlets. The raw lac, as 
scraped from the twigs, is known as stick-/ac. 
After partial purification by crushing, sieving, 
water washing, and sedimentation in water to 
remove woody material it is known as seed/ac. 

The shellac of commerce comes in various 
forms such as buttons, pellets, sheets, etc. India 
has always been the major source of this material 
which was, and still is, of considerable economic 
significanee for that country. 

Shellac has been used as a varnish material for 
every kind of object, especially furniture 
(French polish") but also for metal fittings and 
scientific instruments. It has also found uses in 
the West as an insulating material in early radio 


Insect resins—shellac 101 


and other electrical equipment, as a component 
of 78rev/min gramophone records, and 
numerous other applications. In India and other 
South West Asian countries it is used as a varnish 
or lacquer, applied either in solution or, with 
warming, as the melted material. In the museum 
it was in the past commonly used as an adhesive, 
particularly for repairing broken pottery. 


8.6.1 Chemistry of shellac 


The chemistry of shellac is complicated and 
although worked on for over a century has only 
been clarified significantly in the last twenty 
years. The earlier work has been well 
summarized elsewhere! and there has also been 
a more recent review!5, The composition is said 
to be to some degree dependent on the nature of 
the host tree on which the insect feeds, the 
principal host in India being Butea monosperma 
Lamk. The extent of the variations has not been 
clarified but the following results!39-16 are based 
on resin from this source tree. 

Stick-lac contains some 70-80% of ‘resin’, 4— 

oO; 

dyestuffs and are discussed on page 123) and 6- 
794 of *wax', defined as the alcohol-insoluble/ 
benzene soluble fraction. It is the ‘resin’ fraction, 
itself subdivided into ‘hard’ (ether-insoluble) and 
‘soft’ (ether-soluble) resins, which determines 
the overall useful properties of shellac and whose 
chemistry is now discussed. 

It was soon realized that shellac consisted 
largely of low molecular weight polymers 
(oligomers) made up by the esterification of 
polyhydroxy carboxylic acids with one another, 
and work concentrated on the isolation and 
characterization of these acids after saponifi- 
cation of the polyester. The acid components 
proved to be of two types, aliphatic compounds 
related to the common fatty acids, and alicyclic 
compounds of the sesquiterpene series (Figure 
8.8). Eventually it also became clear that several 
of the latter were not original, or ‘primary’, 
components of the resin but artefacts resulting 
from quite simple transformations of these 
during the alkali treatment. 

The two aliphatic acids are aleuritic acid 
(major component) and butolic acid, the former 
being in fact a trihydroxy-palmitic acid and the 
latter 6-hydroxytetradecanoic acid (6-hydroxy- 
myristic acid). The alicyclic acids are derivatives 
of the sesquiterpene cedrene. Unfortunately they 
have been given clumsy trivial names which are 
confusing. The basic materialis jalaric acid which 
is a dihydroxy, monocarboxylic acid with an 
aldehyde group. 

Epishellolic acid and epilaksholic acids are the 
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probable primary components 
alkali treatment 


i2. 


alkali treatment 


COOH COOH 


R=COOH, epilaccishellolic acid 


R=COOH, epishellolic acid 
R-CH5O0H, epilaksholic acid 


+ 


R-CH50H, epilaccilaksholic acid 


Figure 8.8 Aliphatic and 
sesquiterpenoid components 
of shellac. 


COOH oH COOH 
R The two probable 
-H ‘primary? sesquiterpenoids 
are shown in the dotted box; 
ae OH the other compounds below 
could result from the alkali 


R=COOH, shellolic acid 
R=CH,OH, laksholic acid 


corresponding compounds in which the 
aldehyde group is replaced by a carboxyl group 
and a hydroxymethylene group respectively. 
Shellolic and laksholic acids are the epimers of 
these last two compounds at position 7. It has 
been shown that these last four compounds are 
all formed when jalaric acid is given a prolonged 
alkali treatment and so they are possibly simply 
artefacts formed during saponification. Jalaric 
acid can also be autoxidized to epishellolic acid. 

A second group of compounds is related to 


R=COOH, laccishellolic acid 


treatment used in the isola- 
tion procedure, while two of 
them could also be formed by 
autoxidation as indicated 


those of the first simply by the absence of the 
primary hydroxyl group common to all of these. 
Once again it is the aldehydo compound which is 
considered to be the primary component, the 
others probably being artefacts formed by the 
alkali treatment (or autoxidation). These are 
relatively minor constituents. 

Quantitative estimation of these various 
components by  gas-chromatography was 
difficult for several reasons. Firstly the reaction 
of jalaric acid with diazomethane to give its 
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methyl ester is not simple: the aldehydo group 
also reacts in part to give a methyl ketone. 
Secondly, the various hydroxy acid esters partly 
decompose on the gas-chromatograph column. 
The first difficulty can be partly overcome by 
oxidizing jalaric acid to epishellolic acid before 
making the estimation, and the second by 
converting all the hydroxyl groups to their 
formates by treatment with acetic formic 
anhydride. 

Once the basic components of the resin had 
been characterized an attempt was made to 
determine the actual make-up of the original 
polyester. The ‘hard resin’ was split up into 
further fractions by solvent precipitation and a 
centre cut, further purified by repeated solvent 
precipitation, was designated (perhaps rather 
arbitrarily) ‘pure lac resin’. This was found to be 
essentially homogeneous in terms of molecular 
weight (approximately 2100); to be made up of 
essentially equimolar amounts of sesquiterpene 
acids and aleuritic acid; and hence to contain on 
average four molecules of each of these per 
polymer molecule. 

The basic structure of the material was 
therefore essentially as shown by Structure 8.1, 
though it must not be taken from this structure 
that the sequence of linkaging of the units is 
necessarily regular or consistent: it represents an 
average situation. The soluble ‘soft’ resin 
contained, as one would expect, lower 
molecular-weight units, including dimers made 
up of one molecule of aleuritic acid (as acid) 
esterified with one molecule of sesquiterpene 
compound (as alcohol). Probably the ‘pure lac 
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resin’ and the ‘soft resin’ are simply fractions ot a 
continuum of oligomers of a range of molecular 
weights. 

Aldehyde groups are very easily oxidized and 
consequently in shellac they are gradually 
converted to carboxylic acid groups. As can be 
seen there are plenty of free hydroxyl groups still 
available and so it is conceivable that further 
esterification, resulting in cross-linking and 
increase in average molecular weight, could 
continue in a shellac film. There is essentially no 
information available on this except that shellac 
certainly becomes less alcohol-soluble with time. 

Bleached shellac is shellac which has been 
bleached (usually in aqueous alkaline solution) 
by treatment with chlorine gas. It has a certain 
amount of chlorine incorporated chemically into 
it (probably by addition across the double bonds) 
which does not, a priori, seem a sound idea as 
regards durability and effect on metals in contact 
with it. 

Shellac in bulk can be easily identified by its 
infrared spectrum and even, sometimes, by its 
reaction with alkali to give a bright red colour 
(from erythrolaccin)!". Small amounts of old 


samples can be identified using gas chroma- 


tography (see page 150). 


8.6.2 Another insect 'resin' 


In certain of the Mexican states, particularly in 
Michoacan, the Indians practised a form of 
painting using a mixture of drying oil with a 
product obtained from an insect, Coccus anin. 
This was obtained by boiling up these insects 


CH,OH CHOR 
(CH, (CH,), 
CHOH OHO 
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(CHj), 
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/ | 
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R = CHO/COOH 
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(Has (CH3); 
CHOH CHOH 
CH çH 
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% 2 R My 
SYR’ Mg 


Structure 8.1 Generalized structure of ‘pure lac resin’ 
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with water and collecting the soft water- 
insoluble material which exuded from them!*. 

Nothing is known of the chemical nature of 
this, which was called axin or aje. Originally the 
painting was only in white or a few earth colours 
but with Spanish influence others were later 
added. It was mostly of a decorative nature, 
being applied to wooden articles or pots and 
other containers, and the result was said to be 
extremely durable. 

The drying oils used were argemone (from the 
seeds of the Mexican poppy, Argemone mexicana) 
or chia oil (from the seeds of Salvia hispanica). 
Later linseed oil was also used. 


8.7 Japanese lacquer 


Certain trees yield, by tapping, a liquid water in 
oil emulsion which, when spread as a film, sets by 
polymerization to a tough, flexible, and durable 
film. Pre-eminent among such materials is 
Japanese lacquer from the tree Rhus vernicifera 
D.C. growing in Japan and also China. This has 
been used as a coating material since pre-historic 
times. It has also been used to make objects of 
large size and considerable strength by 
repeatedly applying it on a base and carving the 
resultant solid. 

Many different inorganic materials, such as 
pigments (above all vermilion) and powdered 
metals, can be incorporated to give a range of 
decorative effects. The chemistry of drying of 
this material is complex but has received 
considerable attention in recent years. The 
problem of identifying Japanese lacquer, and 
distinguishing it from similar but distinct 
materials from other Rus species originating in 
different countries, is also of great interest and, 
while not yet wholly solved, has also been the 
subject of some studies. 


8.7.1 Composition of Japanese lacquer!/9.150 


Raw lacquer from the tree consists of alcohol- 
soluble/water insoluble material (65-70%), 
water (20-25%), gummy (polysaccharide) 
materials (10%) dissolved in the water, and insol- 
uble nitrogenous substances. There is also 
a small proportion (v. 1%) of an enzyme, 
laccase (see below) and a number of trace metals, 
notably copper. 

The major, hydrophobic, fraction is made up 
of ‘urushiol’. This is, in fact, not a single 
substance but a mixture of similar substances of 


general formula: 


OH 
OH 
R 
R = (CH), — CH; 5% 


ROHA CH=CH (CH) CH, - 27% 
R = (CH,), —CH—CH —CH,—CH= 


CH(CH,), — CHg im^ 
R =(CH,), — CH=CH —CH; —CH-— 

CH—CH=CH—CH, 48% 
R = Cyg side chain 254 
R — C,, side chain 194 


The percentages of the various compounds with 
the different side chains, R, are given above. 
These side chains, mostly with fifteen carbon 
atoms, have none, one, two (non-conjugated) or 
three (partly conjugated) double bonds and are 
reminiscent of the fatty acid components of 
triglycerides. 


8.7.2 Drying of lacquer 


Despite the fatty acid-like side chains of the 
urushiol, the drying of Japanese lacquer is, 
initially at least, by a completely different 
mechanism to that of drying oils because of the 
phenolic structure of the rest of the molecule. It 
is peculiar also in that the drying rate, and indeed 
the resulting chemical structure and physical 
properties of the film formed, are dependent on 
atmospheric humidity levels. 

The drying has been carefully studied by 
observing the changes in the infrared spectrum 
of the film!!, which are more informative than is 
often the case. The initial step is the oxidation of 
urushiol (the side chain is irrelevant at this stage) 
to an ortho-quinone. This occurs very quickly 
and a characteristic absorption in the infrared at 
1652 cm-! reaches a maximum after two hours. 
At this timea band at 850 cm- !, characteristic for 
1,2,3,5 substituted benzene, starts appearing, 
indicating the formation of phenol dimer. At the 
same time also the bands due to conjugated diene 
at 948 and 985 cm-! diminish and a band at 
993 cm-! due to conjugated triene appears and 
increases rapidly, indicating dimerization 
involving the side chain either through C—O or 
C—C linking. 

The initial oxidation is effected by the enzyme 
laccase, whichis then oxidized back to its original 
form by atmospheric oxygen. The dimers can 
themselves then dimerize with further ortho- 
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quinone formed either from urushiol monomer 
or, possibly, phenol dimer. Eventually all 
dihydric phenols will be used up and the 
favoured ortho- -quinone formation will no 
longer be able to occur. It is thus possibly at this 
point that oxidative polymerization of the side 
chain, as in drying oils, can ensue, as indicated by 
the start of the appearance of /razs single double 
bond infrared absorption at 975cm-!. This 
might be the position after about a week. 

"Thereafter changes are slower and the infrared 
spectrum becomes more blurred but the most 
notable feature is appearance of carbonyl 
absorption at about 1720 cm-'!. This is strong 
after three months and dominant after ten years 
or so but what precisely it represents has not yet 
been clarified. 

The foregoing appears to be the sequence of 
reactions taking place at moderate humidities. 
The presence of water seems to be essential to the 
formation of the phenol dimers, for at 0% 
relative humidity the absorption at 850cm-!, 
indicative of dimer formation, does not appear 
even in fifty days and there is no formation of 
insoluble products. At 100% humidity all the 
above drying processes appear to proceed 
simultaneously and rather rapidly and a poor 
lusterless and fragile film results. The reasons for 
this may be partly physical in that the film retains 
some 22% of water in it even after one hundred 
days and so must be quite porous when finally 
allowed to dry out. 

The formation of phenol dimers in the drying 
of lacquer is a particular example of a very 
general oxidative phenol coupling reaction of 
great importance in the biosynthesis of a wide 
range of natural products including tannins, 
alkaloids, pigments and, most importantly to us 
here, lignin, the structural element of wood (page 
69). These reactions are all mediated by enzymes 
and a little more should perhaps be said 
regarding laccase. This has given its name to a 
whole class of enzymes (laccases) as it was the 
first to be detected, and that as long ago as 1883. 
Similar materials have been widely found 
throughout the vegetable kingdom, in plants, 
fungi, and bacteria. 

Laccase is a protein of molecular weight 
around 120000 with four co-ordinated copper 
atoms to the molecule. This copper can only be 
removed by dialysis against solutions of strong 
complexing agents such as citric acid or cyanide 
ion, the activity of the enzyme being destroyed 
thereby. 

Oxidation of phenol substrates involves single 
electron transfer from Cu?* to give a phenoxy 
radical, the resulting Cu* being reoxidized to 
Cu?* by atmospheric oxygen. The phenoxy 
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radical can rearrange to the carbon one and 
products are thought of as resulting from the 
coupling of two radicals, usually by the 
formation of carbon-carbon bonds. 


8.7.3 Related lacquers 


While the chemistry of other lacquers has not 
been studied as carefully as that of Japanese 
lacquer, the infrared spectra of their dried films 
have been recorded and published!?! ?, The three 
varieties named after country of origin, namely 
Taiwan, Thailand, and Burma are said to be 
distinguishable as three year old films though the 
latter two are very similar and are probably of the 
same plant origin. The Taiwan lacquer gives a 
spectrum similar to that from Rhus orientalis 
(Tsuta-urushi). Other varieties are that from R. 


javanica (Nurude) and R. /richbecarpa (Yama- 


urushi) both of which are quite similar to 
Japanese lacquer. 

A material known as Koshiabura was often 
mentioned in early (8th Century) Japanese 
documents and was used as a baking varnish on 
metal objects. While one author says that its 
nature is uncertain!??, another!?! states that it is 
the sap of Acanthopanax sciadophylloides Fr. and 
Sav. The name Gonzetsu apparently once 
applied to this material but was subsequently 
transferred to particular forms or qualities of 
Japanese lacquer. 

Another lacquer-like material is obtained from 
the cashew tree, Anacardium occidentale, of South 
East Asia. This tree yields many useful products 
including nuts, the shells of which expel a highly 
vesicant liquid —cashew nutshell liquid —on 
heating. It contains compounds closely related to 
those of Japanese lacquer! and it has been used 
industrially in this century as a baking enamel. 
The main centre of production is India and it is 
said to have found local use as a preservative for 
boats and fish nets and also against attacks on 
wood work by insects and termites. 


8.7.4 Identification and classification 


Examination of samples from lacquer objects is 
rendered extremely difficult by their insolubility 
and the presence of inorganic admixtures. It is 
claimed that the dried lacquer can be separated 
from the heavier pigments and other inclusions 
by a flotation process using organic solvents of 
suitable specific gravity, such as carbon 
tetrachloride!*9, The separated lacquer can then 
be examined by infrared spectrometry. 

Little else has been done in the way of 
distinguishing the various types but some 
exploratory work has been carried out on a 


CC-0. UP State Museum, Hazratganj. Lucknow 


x» : 


"P ee Oe 


106 


Digitized by Sarayu Foundation Trust, Delhi and eGangotri 


Natural resins and lacquers 


possible method using pyrolysis followed by 


mass-spectrometry!®?, Four 


complete mass 


spectra were collected for each sample during the 
temperature-programmed pyrolysis and the data 
so obtained were subsequently subjected to a 
clustering procedure. Forty-four samples were 
separated into eight groups. Reassuringly, repeat 
measurements clustered together, as did samples 
from superimposed layers on the same object. 
Recent and also contaminated samples separated 


out 


and there was some indication that other 


groups were forming of similar-aged samples. 
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Synthetic materials 


Several semisynthetic materials, i.e. modified 
natural materials, have already been discussed, 
among them cellulose derivatives (page 65) and 
modified rubber. The alkyd resins, which 
sometimes incorporate drying oils have still to be 
dealt with. 

However, the main subject of this chapter is 
the high molecular weight polymers of a wholly 
synthetic nature, most of which have been 
discovered and developed.in the last fifty years. 
This being so they can only constitute the raw 
material of relatively modern artefacts, a minor 
though increasingly important part of museum 
collections. More significant, probably, is their 
extensive use in display and packing, the 
construction or decorating of museums 
themselves and, above all, their use in 
conservation practice. Their chemical compo- 
sitions are therefore discussed here though this 
can only be an outline since the field is extensive. 

There is no shortage of excellent handbooks 
on a subject of such commercial importance. 
Discussion of some aspects of chemical change in 
polymers will be found in Chapter 11 but 
coverage of their physical properties and an 
extended account of their applications in the 
conservation of different classes of object 
belongs elsewhere. 


9.1 Kinds of polymer 


The concept of a polymeric or macromolecule — 
a large molecule formed through the linking 
together of many small molecules (monomers) 
by normal covalent bonds—has already been 
encountered earlier since many natural materials 
are comprised of molecules of this type. 

Some of the natural polymers, the proteins for 


example, are made up of a number of monomers 
combined together in different but regular 
arrangements to result in different polymers. 
Others, suchas cellulose and rubber, are made up 
from single monomers also combined together in 
a very regular way. Most synthetic polymers are 
formed from single monomers or by the co- 
polymerization of rarely more than two 
monomers. 

There are two main subdivisions of high 
molecular weight polymers —those formed from 
monomers containing double bonds by addition 
polymerization (usually by free radical reaction), 
nothing being eliminated in the process, and 
those formed by condensation reactions (ionic 
reactions), in which something (usually water) is 
eliminated. For a molecule to be able to 
polymerize it must be at least bifunctional, the 
concept of functionality here being slightly 
expanded from that earlier employed in the term 
functional group since a double bond is effectively 
bifunctional in addition polymerization (see 
below). 

Polymerization of a bifunctional monomer 
results in a Zzear polymer, in which the monomer 
units are linked together to form a long chain, 
thus: 


M—M—M...M—M—M or M—(M),—M 


where n+ 2 is the degree of polymerization or 
number of monomer units in the molecule. In the 
case of a co-polymer of bifunctional monomers A 
and B then the product is normally a polymer 
with a random arrangement of the two, not a 
mixture of the pure polymers of A and of B: 


A—A—B—A—B—B—B—A~— etc. 


When the functionality of the monomer, or of 
one of the monomers in a co-polymer, is more 
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than two then won-linear or branched structures 
become possible. Thus if B is a trifunctional 
molecule its co-polymer with a bifunctional A 
can have a structure like the following: 


A—A—A-—... 


| 
A—A—A—B—A—A—A—B—A~—A-... 


| 
A—A—A—B—A—A etc. 
| 


A—A—A—B—A—A—A-—... 


Such structures, which can be highly ramified, 
can arise in three ways: 


1. by deliberate intention in the initial 
polymerization reaction, as for example in the 
preparation of alkyd resins (see below); 

2. as a deliberate modification of existing 
linear polymers by the formation of cross-links; 
and, 

3. in the unintended cross-linking of polymers 
through autoxidative reactions. An example of 
the second type which we have already met with 
(page 100) is the ‘vulcanization’ of rubber. In this 
the linear rubber molecules are linked together 
with occasional sulphur cross-links. The third 
type may be exemplified by the progressive 
insolubilization through cross-linking of certain 
of the linear methacrylate polymers (see below). 

When the cross links are few, the resulting 
structure may be only slightly branched and may 
yet remain solvent-soluble. In highly cross- 
linked structures a network may be formed in 
which there is essentially only one giant molecule 
which can be only swollen, not dissolved, withan 
appropriate solvent. 


9.2 Vinyl polymers 


The polymerization of vinyl compounds appears 
to have been observed quite early ; about 1835 in 
the case of vinyl chloride. However the products 
were not developed until this century, the first 
seemingly being polyvinyl acetate, which was 
put into production in Germany and in Canada in 
1917. 

The subject of free-radical chain reactions has 
already been broached in connection with the 
drying of drying oils (page 30). In the case of 
these, oxygen in the air plays a role and the 
product can be thought of as a co-polymer of the 
drying oil components and oxygen. In the 
polymerization of vinyl monomers to form 
useful polymers, oxygen 1s excluded as far as 
possible so that only carbon-carbon bonds are 


formed. 


Polymerization of vinyl groups is initiated by a 
free radical initiator, I* which may add to a 
substituted vinyl group in two possible ways: 


R 
| 
I—CH,—C'H 
I’ + CH,—CHR R 
N | 
L-GEH—CH; 


If R—H then the two products are the same but 
when it is anything else formation of the radical 
on the more substituted carbon normally 
predominates. This radical may then in turn 
attack a second vinyl molecule, again in the same 
two possible ways: 


R R 

y 1—CH,—CH—CH,-CH 
1—CH, - CH + CH;—CHR RIER 
| | 

* 1—CH,—CH—CH—CH 


Again the preferred addition is the one 
yielding the more substituted radical, so-called 
head-to-tail addition. Addition to further 
molecules than occurs in the same way until the 
chain reaction is terminated: 


R R R 


| l l 
I—CH,—CH—(CH,—CH),—CH,—C'H +T —> 


R R R 


| | 
ICH,CH(CH;— CH),CH,— CH'T 


The terminator, T* may be of several kinds. It 
may simply be a second polymer radical; it may 
be a hydrogen atom abstracted from another 
molecule; or it may be any one of a number of 
adventitious materials which may be present, 
including oxygen (which would lead initially to 
formation of a hydroperoxide and possible 
further reaction). These various possibilities 
need not concern us here. In any case, in practice, 
the polymers made are the result of linking 
hundreds or thousands of monomer units to give 
very long chains and the proportion of 
extraneous terminator groups (as also of initiator 
groups) must therefore be very low. 

'The group R may be very varied. For example, 
if it is hydrogen then the monomer is simply 
ethylene and the polymer is polyethylene, 
commonly known (in the UK) as polythene; if it 
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is OCOCH, (acetate) then the product is 
polyvinyl acetate. This is sometimes, possibly 
more correctly, written poly(vinyl acetate) but 
this convention will not be followed here since in 
practice no confusion arises from omitting the 
parentheses. 

The polymerization of the monomer may be 
effected as the pure liquid; in solution; or 
suspended or emulsified in water. The first 
method results in solid polymer, usually of 
relatively low molecular weight. The heat 
evolved makes it difficult to control and it is not 
normally employed for the commercial 


preparation of polymers. However the 
procedure is of importance for polymerization i” 
situ for purposes of impregnation of stone, 


wood, etc.!-?, 

Again, polymerization in solution has its 
limitations since solutions of polymers become 
extremely viscous at quite low concentration 
levels. Polymerization in suspension or emulsion 
has considerable advantages in that the product 
can have a high solids content (as much as 50%) 
and yet remain workably fluid ; polymerization is 
rapid and, surprisingly, considerably higher 
average molecular weights can be achieved than 
in the case of solution polymerization. If 
required, the polymer can be coagulated to a 
solid but more commonly the emulsion finds 
uses as such. 

In order to form the initial emulsion and to 
effect the polymerization a number of additives 
are called for. It must be remembered that these 
(or their transformation products) remain in the 
emulsion and consequently form part of any film 
or adhesive bond formed when it dries—a 
potential source of weakness and deterioration. 
A typical formulation for an emulsion for 
polymerization would be: 


monomer 100 parts 
water 180 parts 

fatty acid soap -5 parts 
potassium  persulphate 
parts 


(initiator) 0.1-0.5 


Many other emulsification agents and initiators 
are also used. 


9.2.1 Polyethylene and other hydrocarbon 
polymers 


The simplest polymer of this group, though not 
the easiest to make, is that formed by 
polymerization of ethylene. This was found to 
take place under high pressure at temperatures 
up to 200° and production was first carried outin 
the early 1940s. Later low-pressure processes 
employing special catalysts were developed. 
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Commercial polyethylenes come in a wide 
range of possible degrees of polymerization. The 
less-polymerized materials, the polyethylene 
waxes, have 70-700 units per molecule; while 
plastics are usually 1500-7000 but can be up to 
200000. As a saturated hydrocarbon, poly- 
ethylene is chemically very inert and resistant to 
polar solvents, especially water. This accounts 
for its overwhelming popularity for the 
production of utensils and containers of all kinds, 
including the ubiquitous polyethylene bags 
employed for short-term packaging. 

It should be noted that the film used for these 
usually incorporates a plasticizer, commonly a 
phthalate ester, which in time exudes to the 
surface with resulting sticky feel. Phthalate esters 
have been found as common contaminants in 
samples stored in plastic bags. 

Analogous polymers are also made from 
homologues of ethylene, notably propylene. 
This material, like polyethylene, is now utilized, 
by extrusion, blow moulding and injection 
moulding, for the manufacture of an endless 
variety of objects. Any future museum of 20th 
Century objects will be filled with it, but that 
time is not yet. 


CH=CH, 


styrene 


The aromatic hydrocarbon styrene, in which 
one hydrogen of the ethylene molecule is 
substituted by phenyl, was isolated from the 
natural resin storax (page 95) in 1831 and its 
polymerization to a solid observed shortly 
thereafter. 

Commercial development dates from the 
1930s though large amounts were produced only 
after the 1939-45 war. It is used in a similar 
manner to the polyethylenes but is perhaps most 
familiar as polystyrene foam, used for insulation, 
wall and ceiling tiles, and as a shock-absorbing 
filler in packaging. Many co-polymers of styrene 
with other vinyl monomers are also produced, as 
physical properties can be modified thereby. 


9.2.2 Polyvinyl acetate 


ys acetate, CHj—CHOCOCH,, is a liquid 

73. It is the acetate of the enol form of 
EA which alcohol does not itself exist 
in bulk, as the equilibrium is in favour of the 
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aldehyde: 


CH,CHO «=> CH,—CHOH 


acetaldehyde 
(aldo form) 


vinyl alcohol 


(enol form) 


It very readily polymerizes, both in the presence 
of radical initiators and also under the influence 
of ultraviolet light. This is often carried out in 
emulsion medium to produce the familiar milky 
aqueous suspension much used as an adhesive 
and as the medium of many domestic emulsion 
paints. 

Polyvinyl acetate is also available as the solid 
polymer in a number of different molecular 
weight ranges which determine its physical 
properties. It was one of the first synthetic 
materials to be used in conservation, being 
already available in the 1930s, and found 
application in applying facings to oriental wall 
paintings prior to transfer? and in other ways?. 

Despite its stability it has not found great 
favour as a varnish resin, in part because it needs 
to be dissolved in toluene or similar slightly polar 
solvent. It is also soluble in ethanol containing a 
small proportion of water. The physical 
properties required of a varnish resin, which 
determine the selection of the molecular weight 
grade of a particular polymer, have been 
discussed*-$. 


9.2.3 Polyvinyl alcohol 


As mentioned above, vinyl alcohol does not exist 
as a pure compound and polyvinyl alcohol is 
made by hydrolysis (or partial hydrolysis) of 
polyvinyl acetate. This being so, the degree of 
polymerization of polyvinyl alcohol is that of the 
material from which it is made, while the average 
molecular weight is about half since about half is 
lost, in the form of acetate, on hydrolysis. 
Polyvinyl alcohol is soluble in water and the 
solution finds uses where a water-soluble 
adhesive is appropriate. Itis also used as a size for 
textiles. It can however crosslink to some extent 
by the formation of ether groups from two 
hydroxyls but the resulting polymer is still 
readily swellable and removable with water. 
Polyvinyl alcohol forms a film which has 
exceptionally low permeability to oxygen. In 
consequence of this it was once suggested? that it 
might prove valuable as a varnish on top of the 
more conventional varnish on paintings since it 
would perform the dual function of protecting 
this lower film from oxidation while being itself 
readily removable (together with attached dirt) 


and renewable. This seems not to have been 
developed as a practical procedure, however. 

Further derivatives of polyvinyl alcohol are 
polyvinyl formal, acetal, and butyral. They are 
formed by reacting it with formaldehyde, 
acetaldehyde, or butyraldehyde respectively to 
give materials of general structure 


with R= HH GH;, or C; H.. 


9.2.4 Polyacrylates 
These are derived from acrylic and methacrylic 
acids 


CH,=CHCOOH 


acrylic acid 


CH,=C(CH,)COOH 


methacrylic acid 


The polyacids themselves are of relatively little 
importance. It is the polymers formed from the 
various esters, and co-polymers formed from 
mixtures of such monomers, which have become 
valuable as perfectly white transparent plastics 
and varnish materials. 

The lower esters of the methacrylates are the 
hardest and most rigid, the materials becoming 
more waxy as the series is ascended. Thus 
polymethyl methacrylate (known as Perspex in 
the UK) is valuable in sheet form for windows, 
light fittings, showcases, etc. where a relatively 
non-breakable glass-like material is needed. 

Some of the acrylic co-polymers have proved 
themselves to be stable, non-yellowing, non- 
crosslinking resins of value in conservation 
practice as varnishes and retouching media. One 
such is Paraloid B-72, a co-polymer of methyl 
acrylate and ethyl methacrylate?5. 

As with polyvinyl acetate a partial drawback to 
use of this material as a varnish resin is the fact 
that it is not soluble in petroleum-, or white 
spirit-type solvents alone but needs a high 
proportion of aromatics such as toluene. An 
acrylic co-polymer which is petroleum-soluble 
but not quite so resistant to cross-linking is 
Paraloid B-67. 

Another disadvantage of polyacrylates as 
varnish resins is that the optical properties of the 
films are thought by some to be less satisfactory 
than those of the low molecular weight natural 
resins or the cyclohexanone resins (page 118). 
This is said to be due to their relatively low 
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refractive index. A copolymer of phenyl acrylate 
and methyl methacrylate has been prepared and is 
said to be superior in this regard?. 

The so-called superglues are cyanoacrylates, 
e.g. methyl cyanoacrylate, CHj—C(CN)COOCH,. 
Such monomers polymerize with extraordinary 
ease on surfaces of mildly basic reaction or which 
carry a film of water. The bond formed is 
hardened up to about 80? but its strength is 
impaired at temperatures much above that. 
These materials have not so far found a use in 
conservation. 


9.2.5 Polyvinyl chloride 


After an early discovery, this material, known as 
PVC, was developed in the 1930s. It is now very 
extensively used as a rigid material for pipes, 
ducts and structural items. The plasticized 
material is likewise used for hosepipes, sheets, 
tarpaulins, protective clothing and upholstery 
covering, and in floor ‘tiles’ and other coverings. 

Polyvinyl chloride is not very stable on its 
own, being decomposed by both light and 
moderate heat with formation of hydrogen 
chloride, perhaps by a chain reaction. This is 
partly prevented, or at least slowed down, by 
incorporating basic compounds which act as 
scavengers for the HCl, for example basic lead 
carbonate. However, because of this possibility 
of liberating acids, PVC is not considered a 
suitable material for use in the museum, either in 
display or in conservation practice. 


9.2.6 Polytetrafluoroethylene 


This material, well-known as Teflon, results 
from the polymerization of tetrafluoroethylene, 
CF4—CF, and is the fully fluorine-substituted 
version of polyethylene. 

Its great value lies in its extreme stability and 
resistance to chemical attack. Yet it has so far 
found few uses in conservation practice, perhaps 
largely owing to its insolubility. 


9.2.7 Polyethylene oxide (polyethylene 
glycols) 
Ethylene oxide can be induced to polymerize 
by treatment with acids or alkalis, free radicals 
being without effect. The product, which can 
have molecular weights ranging from about 
1000 to 10-000, is a polyether with a hydroxyl 
group at the end of the chain, the unit being 
— CH CHT On 

These are water-soluble materials whose most 
familiar use in conservation is in impregnating 
and stabilizing waterlogged wood'*" and other 
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water-degraded organic materials such as 
leather!?. 


9.3 Condensation polymers 
9.3.1 Alkyd resins 


This class of materials resembles, and is 
sometimes partly made from, drying oils. An 
alkyd consists of an ester formed from a 
polyfunctional alcohol and a polyfunctional acid, 
the sum of the functionalities from the two 
components being a minimum of five, i.e. a 
trihydric alcohol with a dicarboxylic acid or vice 
versa. 

The alcohols which may be employed include 
ethylene glycol, CH,OHCH,OH, glycerol, and 
pentaerythritol. The dibasic acids commonly 
include phthalic acid and its isomers. 


COOH COOH 
COOH 


phthalic acid terephthalic acid 


COOH 


The product is often further modified by 
incorporation of drying oil fatty acids, this being 
effected simply by addition of drying oils at an 
elevated temperature so that transesterification 
occurs, i.e. an exchange of the acid moiety of the 
esters between the alkyd esters and the 
triglycerides. 

These products are known as oil-modified 
alkyds, and they are further categorized as short-, 
medium-, or long-oil alkyds (35-45, 46-55, and 
56-> 70% oil in the final resin). 

Clearly a dihydric alcohol and a carboxylic acid 
are sufficient to allow the formation of a linear 
polymer: when cither of these components 
becomes trifunctional then cross linking is 
possible. An alkyd is thus polymeric to start with, 
and indeed care has to be taken in their 
manufacture that crosslinking does not result in 
gelling and a completely insoluble product. 

With the incorporation of unsaturated drying 
oil fatty acids there is the potential for further 
cross-linking by the usual free radical drying 
mechanism. The overall result is a very highly 
cross-linked and insoluble network. 

Alkyds were developed from around 1930 and 
later became an important and versatile medium 
for house paints of all kinds, both for interior and 
exterior use. They have also been used for 
varnishes for woodwork, probably substituting 
for the older copal-oil varnishes. Such varnishes 
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are occasionally encountered by restorers on 
paintings. 

Using gas chromatography, several tough, 
insoluble varnishes have been identified as being 
of this type, by the presence of phthalic acid 
among the saponification products!?, Such a 
varnish film is even less soluble than the dried oil 
of the paint medium and is consequently virtually 
irremovable without damage to the paint. 

In recent years artists’ paints employing an 
alkyd medium have been marketed. Clearly here 
the increased insolubility of the dried paint can 
only be an advantage. At the same time such 
paints should never be employed in paintings 
conservation since they become irremovable. 


9.3.2 Other polyesters 


The important fibre-forming polyester known 
under the trade names Terylene, Dacron, etc., isa 
linear polymer formed from ethylene glycol and 
terephthalic acid with the following repeat unit: 


ocwcmo-c- yc 
y I 
O Ó 


In addition to its use as a fibre for textiles, etc., 
polyethylene terephthalate is used in film form in 
many applications, including magnetic recording 
tape and as a cinema film basc. 

Polycarbonates are a plastic of recent origin 
(since the 1950s) important for making objects 
with strength and rigidity. One of the 
commonest has the following repeat unit: 


9.3.3 Polyamides 


These polymers, best known under the name 
nylon, may be thought of as a synthetic 
equivalent of proteins. The first type results from 
the self condensation of @-amino acids, that is 
amino acids with the amino and carboxylic acid 
groups at opposite ends of the methylene chain, 
or by polymerization of the cyclic amides of these 
which are known as lactams. 


H,N(CH,),COOH HN 


-[NH(CH,),CO]- OC 
Nylon 6 (n — 5) 


A second type of polyamide results from 
condensation of diamines with dicarboxylic 
acids: 


H,N(CH,), NH, + HOOC(CH,),,COOH 
-~{HN(CH,), NHCO(CH,),,CO} 
Nylon 6.6 (n 26, m= 4) 


As may be seen, different polymers can result 
from different values of n and m in the above 
formulae. In the first type n — 5 for nylon 6, and 
10 for nylon 11. For the second type n = 6,m — 4 
for nylon 6.6; n — 6, m — 8 for nylon 6.10. 

Nylons are most familiar from their use as 
fibres in the manufacture of textiles. Only the 
higher molecular weight materials (> 10000) 
give useful fibres, e.g. nylons 6 and 6.6. The non- 
fibrous types are good electrical insulators and 
also find uses for low-friction bearings, gears, 
joints, etc. 

Unmodified nylons form densely-packed, 
crystalline units, the long polymer chains being 
held together by hydrogen bonding between the 
amide hydrogen and the carbonyl group oxygen. 
They are consequently very insoluble but this 
property can be modified by derivatizing the 
amide group, which diminishes the hydrogen 
bonding. 

One such soluble nylon, with the hydrogen 
partially substitututed by a methoxymethyl 
group (~CH,OCH,), known by the trade name 
Calaton, has been extensively used in 
conservation work for a variety of purposes. 
Unfortunately it suffers from various dis- 
advantages, including discoloration and rapid 
insolubilization by cross linking or hydrolysis to 
unsubstituted nylon, and it is suggested that its 
use should be discontinued 15, 


9.3.4 Epoxy resins 


These are well known as adhesives formed from 
two parts: the intermediate resin and the curing 
agent or hardener. When these are mixed cross 
linking ensues and proceeds to completion in a 
few hours at normal temperatures or much more 
quickly at elevated ones. The natures of each of 
these components can be very varied and can 
only be briefly sketched here. An essential of the 
intermediate resin is an epoxide group, that is to 
say a three membered ring cyclic ether. A 
common intermediate is formed by reaction of 
epichlorhydrin (1-chloro-2,3-epoxypropane) 
with the bisphenol  diphenylolpropane 
(HOC,H,C(CH3),C,H,OH), and is shown as 
Structure 9.1, where n ranges from Oto 15.Ina 
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study of fifty-five epoxy resin formulations this 
material was the resin component in all but one of 
them!$, 

Such materials will ‘cure’ by reaction with 
several types of reagent but the commonest are 
amines, of Structure 9.2. 

Epoxy resins have come to be of enormous 
commercial importance and can be employed in 
the fabrication of large structures including 
buildings and bridges. In conservation work 
they are of particular value for glass repair as they 
are sufficiently polar to form a good and durable 
adhesive bond with this material and they have 
the right refractive index. 

Unfortunately these resins can yellow, both by 
thermal reactions in the dark and photo- 
chemically, and studies have been carried out to 
determine which are the most acceptable from 
this point of view!®18. 


9.3.5 Phenol-formaldehyde resins 


These were the earliest synthetic resins to be 
brought into commercial production, having 
been developed by Baekeland in the first decade 
of this century. Both soluble varnish resins and 
thermosetting resins for making mouldings 
could be produced depending on the phenol/ 
formaldehyde ratio. 

Phenols react with formaldehyde both by 
addition and by condensation with elimination of 
water: 


OH 


CH,OH 
+HCHO —> 
OH OH OH 
Q Apon 
LT 


OH 


The condensation product is, of course, still a 
phenol and can continue to react in similar ways. 
The addition reaction is favoured in the presence 
of excess formaldehyde and the product is a 
mixture of fairly low molecular weight products 
containing the hydroxymethylene or methylol 
grouping known as a Resol or A stage resin. 

The products formed under conditions of 
excess phenol tend to be condensation products 
with few methylol groups. These are known as 
Novolacs. Both types of material will cross-link 
and harden further on heating though the 
Novolacs require the addition of further 
formaldehyde-donating material as a hardening 
agent. 

These resins have been used as baking enamels 
and, with and without fillers, for making 
moulded objects and fittings of many kinds. Such 
uses have included the imitation of natural 
materials such as amber. Bakelite resins are 
commonly dark yellow, amber or brown, 
probably owing to the formation of quinone 
methide structures by elimination of water from 
the methylol groups: 


CH,OH CH 


Phenol-formaldehyde resins were used by Van 
Meegeren in his notorious faked ‘Vermeers’ and 
‘Pieter de Hooghs', in order to produce an 
insoluble paint film. They were positively 
identified in samples from these using pyrolysis 
gas-chromatography!?. Characteristic pyrolysis 
products of such resins, such as phenol and the 
various methyl- and dimethylphenols, were 
detected. 
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9.3.6 Cyclohexanone resins 


A range of low molecular weight resins can’ be 
made from ketones, particularly cyclohexanone 
and its methyl-substituted derivatives. While not 
of great commercial importance, these have been 
very much used in recent years in varnishes for 
paintings because their properties are similar to, 
but an improvement on, those of the natural 
resins dammar and mastic. 

Unfortunately their chemistry is rather 
confused for a number of reasons. Firstly, they 
are proprietary resins whose methods of 
manufacture are not readily accessible and may 
indeed vary from time to time. Secondly, their 
structures are not known precisely or, if known, 
have not been published. An attempt is made 
here to clarify their chemistry and history of usc. 

Cyclohexanone can be converted to low 
molecular weight polymer in two ways: by 
treatment with methanolic alkali either alone or 
in the presence of added formaldehyde. The 
difference in the product is not as clear-cut as this 
might suggest since formaldehyde is produced ;z 
situ in che first case. The resins which have been 
used in conservation practice scem to have been 
of the first type and discussion will be centred on 
these. 

The structure of the product formed by direct 
reaction of cyclohexanone molecules with one 
another (resulting from aldol condensation) may 
be as follows: 


OH OH O 


but this cannot be the whole story since 
according to one report?! a typical product 
(comprising six units) possessed one carbonyl, 
one methoxy, one other ether-group, and three 
hydroxyl groups. The key to the formation of 
some of these other groupings lies in the fact that 
ketones and alcohols can undergo hydrogen 
exchange in the presence of alkali, the ketone 
oxidizing the alcohol?!, This is the well-known 
Oppenauer oxidation. In the present case the 
reaction is 


+ H«CHO 
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The formaldehyde can then react with 


cyclohexanone by addition, followed by 
condensation, etc. 
[9) [9] 

CH,OH 


+ HCHO — 


o 


O O 
O CH, 
—— +> z 


Such oligomers can themselves oxidize further 
methanol to formaldehyde, being themselves 
partly reduced to yield secondary hydroxyl 
groups. Ether formation between two methylol 
groups can also occur??, A theoretical molecule 
in which all the above reactions had played a part 
could therefore have Structure 9.3. 

Such a structure has primary and secondary 
hydroxyls (readily acetylatable) and tertiary 
hydroxyls (not readily acetylatable) in accord 
with what is found by experiment. 

The well-known product AW2 (BASF), 
which was the basis of many proprietary picture 
varnishes, has been stated to be of this typc?? and 
its infrared spectrum is in accord with this. AW2 
is said to have been a copolymer of 
cyclohexanone with methyleyclohexanone, 
possibly as a mixture of all three of its isomers 
(the methyl group can be ortho, meta, or para to 
the carbonyl group) though it should be low in 
the ortho isomer. 

An infrared band at about 1380cm-! is 
probably due to presence of such methyl groups. 
The resin which replaced AW2,, Ketone Resin 
N, has a similar infrared spectrum but with a 
diminished, or absent, band at c. 1380 cm-!, 
suggesting that it is made from cyclohexanone 
alone. 

In the 1950s a resin known as MS2 was made 
by Howards of Ilford in England and was 
supposedly a product resembling AW2 made 
under license. At the suggestion of G. Thomson, 
Scientific Adviser at The National Gallery, 
London, Howards produced a fully reduced 
resin in which carbonyl groups had been 
converted to hydroxyl groups. The expectation 
that this product — MS2A — would be more 
stable to light-induced oxidation than the 
original material containing ketone groups was 
fully realized. Although tending to be somewhat 
brittle and easily scratched it became with many 
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Structure 9.3 


restorers a preferred material for a final varnish 
on cleaned paintings. 

The  methylcyclohexanones used in the 
manufacture of the starting material for MS2A 
(MS2) were originally made by processing a 
mixture of cresols (methylphenols) but in 1963a 
decision was made by the manufacturers to use 
cyclohexanone itself rather than this mixture of 
methylcyclohexanones to make what was still 
called MS2. It was then found that reduction of 
this new material gave an ‘MS2A’ which was 
usclessly brittle. 

For some years Howards then produced 
another material, known as MS2B, using AW2as 
the starting material for reduction. This was as 
satisfactory as MS2A for a varnish but in turn 
production ceased when AW2 was replaced by 
Ketone Resin N. This latter material, like the 
modified MS2, also gave a uselessly brittle 
material on reduction, which tends to confirm 
the infrared indications that it is likewise a 
cyclohexanone rather than a  methylcyclo- 
hexanone resin. 

Recently interest has revived in preparing 
modified resins from starting materials of this 
kind including cyclohexanone resins from other 
manufacturers. 
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Dyestuffs and other coloured materials 


Coloured organic materials enter into the 
composition of museum objects in several 
important ways, the most obvious being as 
dyestuffs in textiles. They may also be used as 
pigments in painting in various media either as 
they are or, more commonly, adsorbed on an 
inorganic support as lake pigments. 

The small group of coloured resins is also to be 
found in paintings and other art works, usually as 
coloured varnishes or glazes. Synthetic dyestuffs, 
in addition to their use in textiles, are used in inks 
for colour printing and in colour photographs. 


10.1 Colour and dyeing 


Materials are coloured when they absorb light 
selectively in the visible region. The 
electromagnetic spectrum, the section of it which 
is visible to human beings, and the structural 
features which cause organic compounds to 
absorb in this region have been discussed in 
connection with the use of spectra for analytical 
purposes in Chapter 2. There it was shown how 
absorption of light shifts into the longer 
wavelength (visible) region with increasing 
length of a conjugated double bond system. 

It will be seen from the structures of 
compounds in this chapter that ketone and other 
groups, and aromatic systems, are also common 
features of coloured compounds. The latter 
especially in those compounds useful as dyes, 
since aromatic systems are commonly more 
stable chemically than long chain conjugated 
compounds. 

Some terms which may be encountered are as 
follows: 


A chromophore, ox chromophoric group originally 


meant a functional group (such as ketones, nitro 
and diazo groups) which led to absorption in the 
visible region and hence colour. Now however it 
is often used of groups giving rise to absorptions 
in the ultraviolet and infrared regions also. 

An auxochrome was conceived of as a group 
which, while not giving rise to colour itself, 
caused a ‘deepening’ of colour (i.e. a lengthening 
of wavelength) when introduced into the 
structure of an already coloured compound. 
Amino and hydroxyl groups could be thought of 
as being of this kind. The distinction is not really 
so simple and absolute as this would seem to 
suggest. All the groups contribute to the 
spectrum of a compound on an equal basis 
thoughsome havea greater, others a lesser effect. 

A bathochromic effect is a shift of absorption to a 
longer wavelength. 

A hypsochromic effect the reverse. 


Not all coloured compounds are dyes. In order 
for a compound to act satisfactorily as a dye for 
textile fibres it must meet two main criteria. It 
must be: 


1. capable of being taken up from solution by 
the fibre and bind itself sufficiently strongly that 
it is not removed, or otherwise affected, by 
washing or dry cleaning, and 

2. it must be reasonably stable to light. 


As we have seen, natural fibres are of two main 
kinds—vegetable and animal (cellulose and 
protein). The same dyes are not necessarily 
satisfactory for both. The various categories of 
suitable dyes for these will be briefly outlined. A 
third category of fibre —such synthetic materials 
as cellulose acetate or polyesters—is in its turn 
generally not satisfactorily dyed by dyes suitable 
for the other two and requires a special group 
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122 Dyestuffs and other coloured materials 
known as disperse dyes. The class of solvent dyes 
embraces the non-water soluble dyes used in 
inks, etc. These too are sometimes used to dye or 
stain synthetic and other materials. 

The other dye classes are: 


1. Direct dyes. These are taken up directly by 
cellulosic fibres without requiring any special 
treatment. Few common natural dyestuffs fall 
into this category. 

2. Vat dyes. This rather special group, 
applicable to wool and cotton though mainly the 
latter, is applied as a solution of a reduced, or /enco 
form. This is then oxidized back to the coloured 
dyestuff on the fibre, either by atmospheric 
oxygen or by adding oxidizing agents. Indigo is 
the most familiar natural dyestuff applied in this 
way. The dye remains on the surface of thc fibre 
largely by virtue of its insolubility in water and 
can to some extent be simply rubbed off (as may 
be seen on jeans). 

3. Acid dyes. These are dyes, generally applied 
in an acid dye bath, which have acidic groupings 
in their structure. They are mainly for animal 
fibres since they attach themselves to the amino 
groups, or potential amino groups, which have 
not been utilized in forming the peptide bonds of 
the protein. Most modern synthetic dyes for 
wool are of this type. 

4. Mordant dyes. This is a slightly ambiguous 
term as it has been applied to dyes linked to the 
fibre via an organic compound —tannins —or, 
more commonly, to those requiring a metallic 
hydroxide precipitated on to the fibre as the 
adsorbent. Most of the natural red and yellow 
dyes are of this latter type, the mordant most 
commonly used being aluminium in the form of 
alum. It is probable that the dyestuff is not simply 
physically adsorbed on the metallic hydroxide 
but forms a chelated complex since the colour 
which results depends on the metal ion. Thus, 
madder (see below) can give red, violet, and 
orange with aluminium, iron, and tin 
respectively as mordant. 


10.2 Natural dyestuffs 


The natural dyestuffs!” are the products of both 
plants and insects, though the latter are the 
source only of red colours. They are largely 
restricted to red, yellow, blue, and brown dyes, 
the other colours resulting from mixtures of 
these or the use of different mordants. 

The following survey barely covers European 
and Near Eastern sources: no attempt can be 
made here to cover Asian and South American 


materials. 
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10.2.1 Red vegetable dyestuffs 


By far the most important of the red dyestuffs of 
vegetable origin is madder, prepared from the 
roots of the madder plant Rubia tinctorum and 
other species. These are of wide distribution and 
the plant was also cultivated. 

The dye is a mixture of a number of 
components, all anthraquinone derivatives, the 
proportions of which can be variable depending 
on source of the plant and process used for 
extracting the dye. The three main components 
are purpurin, pseudopurpurin, and alizarin 
(Figure 10.1). The chemistry of these, and other 
quinonoid compounds, is rather completely 
covered in a book by Thomson (see 
Bibliography). 

Alizarin was synthesized in 1870 and thereafter 
largely displaced the natural madder in 
commercial use. In addition to its use as a dye for 
textiles, madder was the colourant for the most 
important lake pigment, madder lake, alumina 
being the usual inorganic support though 
calcium carbonate may also sometimes have been 
used. Madder lakes may have originally been a 
by-product of the dyeing process, settling out 
from the dye-bath. 

Other red vegetable dyes can only be briefly 
mentioned. The soluble redwoods, or Brasil 
wood, are the wood of several species of 
Caesalpinia, known from long before the 
discovery of South America since they grow in 
South East Asia. They were imported into 
Europe from the 13th Century or earlier and are 
mentioned in Arabic sources (for staining leather 
for bookbinding) in the 11th Century. The main 
colouring matter is brasilein, which forms in the 
rasped wood by autoxidation of a precursor, 
brasilin. 

The root of the anchusa, A. //zctoria Lamm., 
found in South East Europe and Asia Minor, 
yields a red dye known as alkanet known from 
antiquity. Its coloured component is a 
naphthoquinone, alkannin, or anchusin. 

Other red dyes include archil or orchil, well 
known as the acid-alkali indicator litmus, which 
is obtained from lichens (Roccella spp.), and 
safflower (Carthamus tinctoria) whose petals yield 
both a yellow (unidentified) and a red dye 
(carthamin) though dyeing with the latter is said 
to be difficult and expensive. The orange-red dye 
henna, from Lawsonia alba Lam. owes its colour 
to the compound lawsone, which is closely 
related to juglone from walnut husks. 


10.2.2 Red insect dyestuffs 


The red dyes of scale insect origin are of great 
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Figure 10.1 Structural formulae of some red plant and insect dyestuffs 


importance. Like madder components these are 
also anthraquinone derivatives and they are 
applied using mordants, usually alum and 
sometimes tin salts. The production of shellac by 
cultivation of Laccifer lacca Kerr. (Coccus laccae L.) 
has been described on page 101. As a raw material 
this can contain up to 1075 of dyestuffs and these 
are extracted from the resin with water or dilute 
sodium carbonate solution. 

The principal components are laccaic acids A 


and B (Figure 10.1). As a product of Indian origin 
it was naturally used in middle eastern textiles. It 
was well known in Ancient Egypt and it has been 
found in Persian and Egyptian carpets of the 15th 
and 16th Centuries. It seems to have been 
introduced into European dyeing practice only 
in the late 18th Century. 

Kermes is the dye from the gravid females of 
Kermes illicis L. living on various species of oak, 
such as Quercus coccifera and Q. ilex, which grow 
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in countries round the Mediterranean. It was the 
principal insect dye in Europe before the 
discovery of America (and thus of cochineal). Its 
main component is kermesic acid. 

Cochineal is obtained from the scale insect 
Dactylopius coccus Costa and other species living 
on the nopal, or prickly pear, cactus Opuntia 
coccinellifera Mill. Its native country is Mexico but 
it was imported into Europe extensively within 
fifty years of its discovery on account of its 
superiority to kermes. In the 19th Century its 
cultivation was started in the Canary Islands and 
elsewhere and by the 1860s production was as 
high as 2.9 million kg of insects per annum, 
though it subsequently declined through the 
competition of synthetics. The main component 
is carminic acid. 

Several other scale insect sources of dye are of 
relatively minor importance though that known 
as Polish cochineal, from Porphyrophora polonica 
L., appears to have been rather extensively used 
on 15th and 16th Century silks. It is said to 
contain both carminic and kermesic acids. 


10.2.3 Red resins 


Some red natural resins have found uses in 
paintings and other artefacts. The best known of 
these is dragon's blood, of which there exist two 
distinct types. The kind that was probably first in 
use in Europe comes from Dracaena spp. 
(Liliaceae) which grow as large trees on Socotra 
and the Atlantic islands. There seems to have 
been no recent chemical work done on this. 

The other variety, which is that mostly met 
with today, comes from Daemonorops species 
(Palmae) from South-East Asia. Coloured 
components of this include dracorubin and 
dracorhodin!: 


OCH, 


dracorhodin 


The accroides or grass-tree resins are products of 
Xanthorrhoea species, unique to Australia. They 
were employed in the fabrication of aboriginal 
artefacts and were to some extent also exported 
and used in England and the US for various 
purposes. They are very complicated, chemically, 
and contain a good deal of polymerized material}. 

The compounds represented by I are relatively 
major components of the resins from some 
species. Pinocembrin (5,7-dihydroxyflavanone) 
represented about 10% of the soluble part of X. 
preissii resin, while xanthorrhone and hydroxy- 
xanthorrhone were also isolated from this 
Source. 


I OH O 
R! = H, R?=CH,, 
xanthorrhoein 
R! = COOCH,, R? =H, 


xanthorrhoeol 


pinocembrin 


OH O 


R — H, xanthorrhone 
R — OH, hydroxyxanthorrhone 


10.2.4 Yellow dyes 


The natural yellow dyes are mostly flavonoid 
compounds, which are rather widely distributed 
in the vegetable world. This being so, the choice 
of plant utilized as source is often very much a 
question of what is locally available?. 

The principal compounds are shown in Figure 
10.2. They are by no means all of equal merit as 
regards colour and light fastness. The best from 
the latter point of view is luteolin, and the best 
source of this is weld, or dyers weed Reseda luteola 
L. which was used in European textiles and early 
Anatolian carpets alike. In the former case it was 
always the main yellow dye though after the 
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discovery of America it was partially replaced by 
fustic, and after the late 18th Century quercitron 
also was used. 

Quercitin is, in fact, the most commonly found 
yellow dyestuff and it occurs in a wide range of 
plants both alone and with other compounds. It 
is mainly present as a glucoside, quercitrin. 
Quercitron, the main source, is the inner bark of 
an oak, Quercus tinctoria, a native of central and 
southern United States. 

Morin is the main component of old fustic, the 
wood of the dyer's mulberry Chlorophora tinctoria 
Gard., imported to Europe from America and 
used together with weld, despite its inferior light 
fastness. Young fustic is the wood of Venetian or 
dyer’s sumach, Co/inus cogeygria (Formerly Rhus 
cotinus L.), the main component of which is 
fisetin. 

Other flavonoid dye-yielding plants can be 
only briefly mentioned, and more complete 
information must be sought elsewhere. Persian 


berries, from Rhamnus spp., contain mainly 
rhamnetin with quercitin and the anthraquinone 
pigment emodin. The fugitive watercolour 
pigment sap green was prepared from Rhamnus 
berries. Emodin is most abundant in the berry- 
bearing alder, Frangula alnus. Dyers’ broom, 
Genista tinctoria L., contains the isoflavonoid 
genistein. This is native to England where it was 
the only yellow dye before importation of others 
in the middle ages. 

A yellow-flowered delphinium (D. za/i/ or D. 
sulphureum), known as isparuk or asbarg, has been 
much used for dyeing yellow in Central Asia, 
Afghanistan and India but is not found at all in 
Turkish rugs. Its dye content seems not to have 
been reported. 

Saffron, the stigmata of the crocus C. sativus, 
yields an expensive and little used yellow dye 
containing as main colouring matter the 
polymethine crocetin, which also occurs in the 
material as a glycoside crocin. 
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crocetin 


Flavonoid dyestuffs from plants are also the 
colouring matters for the (usually) yellow or 
yellow-brown pigments known as pinks. The 
dyestuffs are adsorbed on an inorganic support 
as with the red lakes. Persian berries, dyers’ 
broom, and quercitron seem all to have been used 
in their preparation, fora full discussion of which 
see Harley. 

The curious pigment known as Indian yellow 
appears to have come into use in European 
water-colours in the 18th Century. Its use in 
Indian miniatures is supposed to have started 
after 1400. It is, or was, prepared in India from 
the urine of cows fed largely on a diet of mango 
leaves. The colouring matter is a calcium or 
magnesium salt of an anthraquinone, euxanthic 
acid, a glucoside of the mango pigment 
euxanthone metabolized by the cow with 
oxidation of the glucose residue to glucuronic 
acid, which forms the salt. 


OH O 
O OH OH 
O O^ COOH` OH 
euxanthic acid 
OH O 
OH 
[9] 
euxanthone 


The history and use of Indian yellow have been 
extensively reviewed?. 


10.2.5 Yellow resins 


The yellow gum-resin gamboge is an exudate 
from the wounded bark of Garcinia hanburyi 
Hook. f. and possibly other species growing in 
South-East Asia. It contains about 73% of 
acetone-soluble resin, the remainder being water- 
soluble polysaccharide gum and it can 
consequently be used directly for watercolour 
painting. It was imported to England at latest by 
the early 17th Century. The chemistry of the 
resin was confused but seems now to have been 
clarified". The main coloured component, easily 


isolated as a crystalline pyridinium salt, is 
gambogic acid: 


gambogic acid 


OH O 


The material known as aloes may sometimes 
have been used in painting or the decorative arts 
as a yellow or yellow-brown glaze. It is the 
evaporated juice which emerges from the cut 
leaves of certain Ave species, notably A. vera 
(West Indies) and A. ferox and A. perryi (South 
and East Africa). A major constituent (up to 
25%) is the lemon-yellow barbaloin (aloin), a C- 
glycoside derived from aloe-emodin, also present 
in aloes in small amount. 


10.2.6 Blue dyes 


The only significant natural blue dye is indigo, or 
indigotin to give it its correct name (Figure 10.3), 
and this occurs in several plants. The principal 
source is Indigofera tinctoria and it was from this 
plant that it was isolated in India and exported in 
large quantities until displaced by the synthetic 
product. Indigo from India was known even in 
ancient Egypt. The other main source, which is 
much inferior in terms of dye content, is woad, 
Isatis tinctoria, which grows in Europe, including 
the British Isles, and as an escaped cultivated 
plant in Anatolia. 

Another plant which yields indigo is Polygonum 
tinctoria (Japan and Korea). Dyeing with indigo, 
involving first reducing it to the colourless and 
water-soluble /exco form, was a skilled procedure 
usually left to specialist dyers. 

As wellas its use as a dye, indigo has been used 
as a pigment in oil and in watercolours. A simple 
method for its identification in these and in 
textiles has been described. It is now believed 
that the American pigment known as Maya blue 
consists of a low proportion of indigo adsorbed 
on a clay called attapulgite?.10, 

Some modifications of the indigo molecule are 
also known. The pigment indirubin occurs 
variably with it in plants. The expensive and 
famous dyestuff known as Tyrian purple! was 
obtained from :marine snails, Murex spp. It 
occurs in these as a uco form, the violet colour 
being obtained by a lengthy dyeing process. The 
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dye is a dibromoindigo and, given its structure, is 
naturally not very stable. The same dyestuff was 
obtained from marine snails along the Pacific 
coast from Mexico to Peru in pre-Columbian 
times, and still is to some extent!?, 

A semi-synthetic dye, indigo-disulphonic acid, 
is made by treating indigo with sulphuric acid. It 
is said to have been prepared as long ago as the 
16th Century in Central Germany though known 
to science only from 1740. It gives a lighter, more 
turquoise colour than indigo and is quite 
commonly found in 19th Century Anatolian 
rugs?. 


10.2.7 Mixed colours 


Some colours, most importantly green, are 
obtained using combinations of others for lack of 
a good single dye. Green is formed by dyeing 
twice with indigo (sometimes indigo-disulph- 
onic acid) and with one of the yellow flavanoid 
dyes. 

A similar way of producing the colour is used 
in Japanese prints (gamboge over indigo or, 
later, Prussian blue), and sometimes in oil 
paintings (yellow lake over a blue underpaint). 
All three of these green colourations in time tend 
to suffer from the same defect: the more light- 
fugitive yellows fade leaving only the blue. 

The green pigment consisting of salts of 
copper with the diterpenoid resin acids and 
known as ‘copper resinate' has been mentioned 
earlier (page 89). It occurs frequently in Italian 
paintings and unfortunately it frequently 
discolours, going a dark brown, yet sometimes 
its colour is almost perfectly preserved. Despite 


indigodisulphonic acid 
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indirubin 


Figure 10.3 Structural 
formulae of indigo and 
related dyestuffs 


the importance of this phenomenon little can be 
said with certainty about its chemistry. It is 
generally attributed to browning of the resin 
content or formation of brown copper 
compounds such as the oxide. 

Other combinations of dyes which are 
encountered are: yellow with some red, to give 
orange; red and blue to give purple (rather rare 
since purple can be obtained directly from 
madder with suitable mordants). 


10.2.8 Brown and black dyes —the tannins 


Only a few brown dyes are available. One is 
juglone, from the husks of walnuts, Juglans regia: 


O 


juglone 


O 


Most of the other browns are tannins which can 
dye a brown colour alone or give a darker shade 
in combination with iron. Their use in this way 
parallels their use for making ferrogallate inks, 
and it results in a similar degradation of the 
substrate. The crumbling away of wools dyed 
black with iron and tannins is a familiar feature of 
many textiles and carpets, as is the falling out of 
letters written in ferrogallate inks on parchment 
and paper. This phenomenon is usually loosely 
attributed to ‘acidity’ and this may well be so in 
the case of the inks, which can be acidic. 
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With the woollen textiles a similar mechanism 
may be operative if the dye-bath has been highly 
acidic but it is also possible that the iron salts are 
catalyzing free-radical autoxidation reactions. 
Iron is known to promote many such reactions, 
in common with other polyvalent metals. 

Vegetable tannins have been defined as 
polyphenols of MW range 500-3000 but here we 
shall also include the lower molecular weight 
compounds in the definition. They are usually 
divided into the hydrolyzable and condensed tannins, 
the former being readily hydrolyzed by acids (or 
enzymes) to a sugar, or polyhydric alcohol, and a 
phenol carboxylic acid. Dependent on the nature 
of the latter (gallic acid or ellagic acid or simple 
derivatives of these) tannins are divided further 
into gallotannins and ellagitannins. 


O 
COOH Oo OH 
HO OH 
OH HO O 


O 
gallic acid ellagic acid 
By contrast the condensed tannins do not 
undergo hydrolysis with acids but rather 
progressive polymerization to amorphous 
materials. Rather little is known regarding the 
structures of the condensed tannins! but they are 
believed to be formed from flavonoid precursors 
by condensation-polymerization reactions in 
ways analogous to the formation of lignin from 
coniferyl alcohol, etc. (page 69). 
The hydrolyzable tannins are more amenable 


Table 10.1 Sources of some hydrolyzable tannins 


Tannin Source 

Chinese tannin Galls and leaves of Rhus semialata 

Turkish tannin Galls on wood of Quercus infectoria 
(Aleppo galls) 

Sumach tannin Leaves of Rhus coriaria and R. typhina 

Myrobalans Fruit of Terminalia chebula 

Valonea Acorn cups of Quercus valonea 

Chestnut Wood of Castanea sativa 

Tara Fruit pods of Caesalpinia spinosa 

Divi-Divi Fruit pods of Caesalpinia coriaria 


Algarobilla Fruit pods of Caesalpinia brevifolia 
Knoppern nuts Fruit of Quercus pedunculata 
Pomegranate Fruit, twigs, root of Punica granatum 
ee UTI UMMD MM  AE 
After E. Haslam, Chemistry of Vegetable Tannins, Academic 
Press, London and New York (1966) 


to chemical study. Their sources are indicated in 
Table 10.1. The tannins can be extracted from the 
plant materia] with cold water or aqueous 
acetone and further purified by extraction from 
the aqueous solution with ethyl acetate. Large 
numbers of gallotannins have been isolated and 
characterized, much of the early work being 
effected by paper chromatography. In many of 
these the alcohol moiety of the molecule is a 
sugar, commonly glucose. Other galloyl esters 
which have been found include those with itself, 
namely digallic and trigallic acids. 


COOH 
OH 
O 
l OH 
HO Oc 
OH OH 


O 
COOH il 
ORE 
° OH 
C OH 
HO Om OH 
OH OH OH 


trigallic acid 


A number of crystalline ellagitannins are known, 
among them chebulinic acid, the major 
constituent of myrobalans, the fruit of Terminalia 
chebula, an important tannin source. The 
molecule is made up of glucose esterified with 
three molecules of gallic and one of ellagic acid. 

The chemistry of the tannins used for the 
preparation of iron tannate inks has been 
surveyed by Flieder eż a/.14 who have published 
the gas chromatograms yielded by the 
hydrolyzed and silylated materials from a 
number of plant sources. In another paper!? they 
have essayed the identification of actual samples 
of such inks from manuscripts by gas 
chromatography—mass spectrometry. 

The composition of tannin mixtures from a 
number of natural sources has been determined 
by thin-layer chromatography with the hope of 
being able to identify the sources of tannins in 
dyed textiles!®. Essentially all contained gallic 
and ellagic acid but different patterns of minor 
components. On the textiles, however, only the 
two major components survived to be detected. 
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10.2.9 Analysis of natural dyes 


The analysis of the dyes in textiles has been 
attempted for many years. In the last twenty 
years the approach has usually been either that of 
thin-layer chromatography!” or spectrometric 
examination in the ultraviolet and visible 
regions!5. Infrared has not been much used, 
samples not often being large enough. The 
preferred stationary phase for TLC which has 
emerged is polyamide!?.?0, while mobile phases 
usually involve mixtures of methanol with acids 
such as formic acid. 

Much work has been reported by Dutch 
workers on a wide range of European textiles 
and tapestries. In addition to their reports already 
cited^?, the occurrence and distribution with 
time of red dyestuffs between 1450 and 1600 has 
been plotted?22, Yellow dyestuffs have likewise 
been surveyed?3, and the extent to which they 
may be distinguished by TLC established. 
However in a later paper?! it was reported that 
80% of some hundreds of samples from well- 
dated textiles from between 1500 to 1850 were 
dyed with weld (luteolin). Some 17th Century 
Dutch textiles showed a wide range of dyestuffs 
including many used as mixtures”. 

Tapestries of the 15th and 16th Centuries from 
the low countries showed principally weld, 
madder, and indigo. Other less stable dyes such 
as orchil and brasil were less common?®. In the 
16th Century the tapestries show a similar 
pattern but in the next century a new shade, 
scarlet from cochineal mordanted with tin, 
appears”. 

The difficult task of identifying dyes on 
archaeological textiles has been attempted with 
some success? Despite interference from 
colours from the decaying textile or staining 
from soil, madder and indigotin were positively 
identified using visible spectra and observation 
of changes in this induced by adding magnesium 
acetate solution. 

In recent years much work has been done on 
the dyes of Near Eastern carpets, in the hope of 
distinguishing patterns of dye use for the 
different groups?” 9. Whiting has reported an 
easily conducted test of red dyes using a liquid- 
liquid partition method which permits 
distinction between madder, lac, and cochineal??, 
Using this method along with TLC and visible 
spectra he has been able to report on the dye use 
in Turcoman carpets? and other groups”. 
Turkish carpets have been a special study of some 
German workers (using TLC)3-?! and a book 
already cited? has included analyses for most of 
the carpets illustrated. 

A recent paper?? has reported the application 
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of high performance liquid chromatography 
(HPLC) to the analysis of anthraquinone 
dyestuffs. The natural plant and insect dyes were 
analysed for their content of individual 
compounds; the analytical method was tested 
using wools which had been dyed with known 
dyes and (in some cases) artificially aged; it was 
then successfully applied to identification of dyes 
in some early textiles including Coptic fabrics as 
early as the third century BC. 

A number of interesting papers appear in the 
Proceedings of a symposium (H. E. Dalrymple, 
editor; see Bibliography) which have come to 
hand too late to be reported in detail here. They 
include analyses of dyes on Scottish tartans; on 
Egyptian textiles; on medieval textiles; and a 
survey of insect red dyes. 

The analysis of the dyes in lake pigments is 
more challenging than in the case of textiles. 
Samples are usually much smaller and it is more 
difficult to remove the dye from its inorganic 
support and any enveloping oil medium without 
destroying its components. Some results on red 
lakes used in manuscript’ illuminations (and 
presumably in a watercolour medium) have been 
published using thin-layer chromatography on 
acetylated cellulose?*. 

Kirby has described a spectrometric method 
for distinguishing the several dyes on cross- 
sections of paintings, though the spectra are 
rather similar38, In later, unpublished work®*®, the 
boron trifluoride-methanol complex has been 
used to break up oil paint and liberate the red 
dyes which were then separated on polyamide 
TLC plates or by HPLC. A sample of red 
pigment from a reference collection was 
identified as madder lake on alumina by means of 
Fourier transform infrared spectrophotometry®. 

The same technique has enabled the purple dye 
adsorbed on some 13th Century BC potsherds to 
be identified as dibromoindigotin*!. The sherds 
are presumed to be the remains of dyepots used 
for dyeing Tyrian purple. The identification of 
the dyestuffs in yellow lake pigments is still an 
unsolved problem. 

Japanese prints of the 18th and 19th Centuries 
contain a range of organic pigments including 
several already mentioned but also other plant 
dyes unique to them. They have been surveyed 
and their spectral reflectance curves have been 
measured. It was found possible to identify 
several of them on prints in this way. 


10.3 Synthetic dyestuffs 


The vast field of synthetic dyes is, in the present 
context, of less interest than that of natural dyes 
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and it can only be touched on, principally from 
the historical viewpoint. 

Benzene was first isolated from coal tar in 
1845, and in the years that followed numerous 
aromatic compounds were also isolated and 
converted to other organic chemicals. These 
were the basis for the dyestuffs industry to come. 

In 1857 W. H. Perkin set up a factory to 
manufacture the red-violet dye Mauveine, which 
he had discovered the previous year on treating 
crude aniline (which contained ortho and para 
toluidines ; i.e. methyl anilines) with an oxidizing 
agent consisting of potassium dichromate and 
sulphuric acid. Mauveine is a mixture of 
compounds of complex composition and not a 
very good dye. Slightly superior, and of different 
composition, was Magenta or Fuchsine (Figure 
10.4), discovered at about the same time by 
Natanson and by Hofmann, and this was 
manufactured from 1863 onwards and became 
widely used, even in rug-weaving areas. It is one 
of the triarylmethane group of dyes. Fuchsine 
gave a very brilliant colour to wool, silk, and 
cotton but it has poor light fastness, fading to a 
pale mushroom colour where exposed. 

Derivatives of Fuchsine followed soon after. 
N-phenylation of the amino group(s) gave 
Aniline Blue and Imperial Violet (1860) and 
sulphonation of these gave acid dyes Soluble 
Blue and Alkali Blue (1862). Methylation of 
Fuchsine gave the Hofmann Violets (1863) while 
more highly methylated derivatives constituted 
Methyl, or Gentian Violet (1861, marketed 
1866). 

Griess in 1858 discovered the diazotization 
reaction of amines with nitrous acid and later the 
coupling of the diazonium salts (1864), but the 
chemistry involved was not understood and it 
was only in 1870 that Kekulé coupled diazotized 
aniline with phenol to make the first azo dye and 
also determined the structures of these 
compounds. Thereafter the way was open to 
produce the great range of diazo dyestuffs, still 
the most numerous class. Of these Orange IV 
(Roussin 1876), the red Ponceau 2R and 
Amaranth (Baum, 1878) are mentioned here 
since they (particularly Ponceau 2R) are among 
the earliest and commonest synthetics to be 
found inthe Central Asian carpets of the late 19th 
Century, having been supplied by Russian 
merchants. 

A few other important discoveries may be 
mentioned. Methylene Blue (Caro, 1876), 
isolated as a double salt with zinc chloride, has 
remained as an important basic dye. Congo Red 
(Bótteger, 1884) was the first direct cotton dye 
and thus important though fugitive. Indanthrene 
Blue (Bohn, 1901) led to the development of a 


whole series of anthraquinone vat dyes. For the 
endless discoveries of the 20th Century the 
reader is referred to the extensive literature. 


10.4 Fading of dyes 


The rate of fading of naturally dyed textiles has 
been studied since the 18th Century. The fading 
is related directly to the amount of light received 
(time x intensity) but it is also influenced by 
wavelength and other factors such as humidity 
level, the nature of the substrate (wool or 
cotton), and the mordant used. 

The most complete study of recent years is that 
of Padfield and Landi‘, whose findings were 
later confirmed and extended by measurement of 
colour changes in addition to fading™. Their 
main finding can be summarized by the statement 
that natural dyes are generally far less stable than 
modern synthetic dyes, despite the bad 
reputation of the early ‘aniline’ dyes. They 
conclude: 

The poor light fastness of nearly all the natural 
dyes is established beyond question and their 
preservation in the presence of light is not yet 
possible. 

Fifty years of permanent exhibition in the 
dimmest tolerable conditions would destroy the 
yellow dyes and the red dye-woods and impair the 
brilliance of light dyeings of Madder and Cochineal. 
Indigo on cotton would fade and only the blue of 
Indigo on wool and some of the browns and blacks 
would survive. This is why browns, heavy red, and 
Indigo blue are the dominant colours of museum 
textiles. 


The influence of the mordant on the lightfastness 
of a number of natural yellow dyestuffs (mostly 
from locally grown Kansas plants) on wool has 
been studied?^. It was found that aluminium and 
tin mordants resulted in a much greater rate of 
fading than did chromium, copper, and iron, and 
that this variation was much greater than the 
variations between the dyes themselves. 

The influence of oxygen on the lightfading of 
some organic dyestuffs, both natural and 
synthetic, has also been studied*® and was found 
to be variable. In some cases the fading rate was 
directly proportional to the oxygen concen- 
tration (i.e. there was a linear relationship 
between the two). In most cases there was a linear 
relationship between the fading and the square 
root of the oxygen concentration, in general 
accord with the prediction of Thomson“, In a 
few cases fading increased in the absence of 
oxygen. 

The results are of interest since the exhibition 
of sensitive materials in display cases containing 
inert gases has sometimes been considered. 
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However a significant enhancement of ‘life- 
expectancy’, even in the complete absence of 
oxygen, could be expected only for certain 
identified colouring matters which were known 
to be particularly fugitive. 


synthetic dyestuffs 


The fading of the organic pigments used in 
Japanese prints has been studied. Most are very 
fugitive even in visible light and consequently 
their lightfastness is little improved by 
protection from ultraviolet. Clearly for good 
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Dyestuffs and other coloured materials 


conservation the maintenance of low light levels 
is very important here. 
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Fundamental aspects of deterioration 


Deterioration and other changes in organic 
materials result from both free radical and ionic 
reactions. The first kind includes most 
autoxidation reactions, usually initiated by 
thermal or photochemical energy input, and 
rarer reactions brought about by ionizing 
radiation alone, without the intervention of 
oxygen. The ionic reactions are predominantly of 
a hydrolytic nature, mediated by acids or other 
catalysts. A third type of deterioration, lying 
largely outside the scope of this book, is that of 
biodeterioration by moulds, bacteria, and even 
higher forms of life, often the result of enzymatic 
action or other biochemical processes. 

Deterioration can only be prevented if the 
chemical reactions involved are understood so 
that ways can be devised to interrupt them or, 
better, prevent them from starting. This is easier 
said than done for most are complex and 
generally only understood in broad outline, if at 
all. Moreover, with such complicated substrates 
as the natural materials, several different 
processes are usually going on at once which it 
may be impossible to disentangle. 


11.1 Radical reactions 


The radical reactions involved in breaking down 
organic materials are related to those discussed 
already in connection with the drying of drying 
oils (page 30) or the polymerization of other 
monomers (page 112). The energy to initiate 
such reactions can come simply from the heat of 
the surroundings (i.c. the translational energy of 
molecules, transferred by collisions), or it may 
come from the absorption of light or other 
radiant energy. Although thermal and photo- 
chemical reactions are sometimes spoken of as if 
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they were different in kind, very often the only 
difference lies in the way in which radicals are 
initially produced. Thereafter the reactions may 
follow similar paths. Most such reactions are 
autoxidations but there is one initially puzzling 
feature about these, namely the s/owness of the 
normal oxidation of organic materials. To 
understand this it is necessary to say a little 
concerning activation energies. 


11.1.1 Activation energies —the Arrhenius 
equation 


Most organic materials react vigorously with 
oxygen to be converted to carbon dioxide and 
water, ie. /bey burn. Oxidation is thus an 
exothermic reaction. Why docs it not take place 
spontaneously? We know that in practice it only 
occurs when the energy of the material is raised 
locally by heating, after which it is self- 
perpetuating. Less complete oxidations, such as 
those converting a hydroxyl group to an 
aldehyde or forming a hydroperoxide at an allylic 
position, may also be exothermic yet likewise 
need an initial *push' of energy input. 

The situation is summed up by Figure 11.1 
which indicates how the initial stage of a 
chemical reaction involves an increase in the 
energy content of the reactants. In the case of 
some reactions this initial energy absorption may 
represent the energy needed to break a bond in 
one of the reactants to form radicals (sce next 
section), while in a bimolecular reaction between 
two compounds it corresponds to the energy 
needed to arrive at the half-way state of the 
reaction, with old bonds half broken, new half 
made. This energy 'hump' is known as the 
activation energy of the rcaction. 

The expression which relates the rate of a 
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intermediate or 
transition state 


reactants 


products 


. energy ——> 


course of reaction ——> 


Figure 11.1 Generalized diagram of the energy 
changes during an exothermic chemical reaction. If 
R, I, and P are the energies of the reactants, 
intermediates, and products then [— R is the 
activation energy and R — P the overall energy 
liberated by the reaction 


reaction to temperature, and includes a term 
which corresponds to the activation energy, is 
known as the Arrhenius equation (1889): 


dlog. &/dT = E,[R T? (1) 


This says that the rate of change of the natural 
logarithm (i.e. to the base e) of the reaction rate 
constant (k) with temperature equals the 
activation energy (E) divided by the product of 
the gas constant (R) and the square of the 
absolute temperature (T). If E, is constant (not 
always strictly truc) the expression can be 
integrated to 


log. k= —E,/RT+C (2) 


where C is an integration constant. This in turn 
can be converted to a form using logarithms to 
the base 10: 


logy) k = C/2.303 — (E,/2.303R) x 1/T (3) 


which is recognizable as that of a straight line 
with slope equal to —E,/2.303R. This can be 
equated with a second expression for the slope of 
an Arrhenius plot, thus: 


— E,[2.303R = (log &/&)(1/T, —1/T,) — (4) 


^ 
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where &, and &, are the reaction rate constants at 
temperatures T, and T, respectively. This may be 
rearranged in turn, inserting the value for the gas 
constant R, to give an expression for E, 
allowing it to be calculated from experimentally 
determined rates of reaction at two different 


temperatures: 


E, = — (2.303 x 1.9872 x logy, &,/&,)/(1/ T, — 1/ T3) 


(5) 
The Arrhenius equation indicates that at any 
temperature there will always be some reaction, 
though it may be immeasurably slow if the 
temperature is low enough. This is easily 
understood if it is remembered that in a gas or 
liquid there is a distribution of molecular kinetic 
energies about a mean level. Thus there is always 
a certain probability, the smaller the lower the 
temperature, of the reagent molecules having the 
requisite energy for reaction. 

Figure 11.2 shows the plot of molecular 
energies against number of molecules at each 
particular energy level, at two different 
temperatures T, and T). It can be seen that there 
are more molecules having the requisite energy 
level E, (the activation energy) at the higher 
temperature, 75, than at 7). 

Clearly the Arrhenius equation does not 
necessarily apply to photochemical reactions, 
since here the energy initiating the reaction is 
unrelated to the temperature of the system. This 
is not to say, however, that photochemical 
reactions are necessarily unaffected by tempera- 
ture (see below). Many overall reactions consist 
of a sequence of reactions, some of which will be 
thermal (so-called ‘dark’) reactions. If these are 
the slowest part of the sequence (i.e. they are 
overall rate-determining) then the Arrhenius 
equation may apply. 


T 


no. of molecules 
—- 


es Ea 


E 


Figure 11.2 The distribution of the energies of 
molecules at two different temperatures. At the higher 
temperature, Ta, more molecules have energy at (or 
above) the level of the activation energy, E 
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Table 11.1 Approximate bond dissociation energies 


Compound type Bond broken 


Bond dissociation energy 


(kcal/mol) (AJ [mol) 
Alkane CH,—H 102 427 
C,H, —H 99 415 
iso-C,H,—H 94 394 
t-C,Hy—H 91 381 
Alkene CH,C=CHCH, —H 82 344 
Aromatic (benzyl H) C,H,CH, — H 83 348 
Alcohol CH4—OH 89 373 
C,H; —OH 92 385 
CH4O —H 100 419 
C,H,O —H 100 419 
Alkyl halide CH,—F 110 461 
CH,—Cl 82 344 
CH,—Br 67 281 
CH,—I 53 222 
Ether C,H,O —C,H, 79 331 
Nitrate ester C,H,O —NO, 36 151 
Hydroperoxide -CHO — OH 36 151 
Peroxide t-C,H,O —OC,H, 35 147 
Alkoxy radical CH,—CH,O° 13 54 
C,H, -CHO'CH, 6 25 


Figures from B. Ránby and J. F. Rabek, Photodegradation, Photo-oxidation, and Photostabilization of Polymers, N'iley (1975), Table 
2.1. A factor of 4.190 has been used in converting kcal/mol to kJ/mol. 


Studies have been made to sec whether 
degradation of natural materials (as measured by 
the change in some physical property) is related 
to temperature in a way which fits the Arrhenius 
equationl?. This is only occasionally (and 
perhaps fortuitously) found to be true and some 
reasons for this have been put forward in 
connection with paper!: 


Several reactions can occur simultaneously ; 
Individual reactions proceed at different rates ; 
Reactions might not proceed independently of 
each other ; 

Additional reactions may occur as a result of 
intermediates formed ; 

Activation energies* can vary with temperature; 
All physical properties of paper do not respond 
in the same fashion to chemical changes 
occurring within the paper. 


11.1.2 Bond dissociation energies 


The fundamental factor which determines the 
stability of a molecule or —should it undergo 
pyrolysis, photolysis or rupture by reactive 
species — the way in which it breaks up, is the 
strengths of the different chemical bonds which 
hold its component atoms together. 

The differing strengths of carbon- hydrogen 
bonds in different molecular environments were 


* The original says ‘rate constants’, presumably a slip. 


briefly mentioned in connection with the 
reactivities of saturated and unsaturated 
hydrocarbons on page 6. A selection of bond 
dissociation energies? is shown in Table 11.1. 
These figures are for the bonds in the particular 
small molecules indicated. They are not 
necessarily the same for such bonds in large 
polymer molecules but they do provide a guide 
to these. 

The relationship between bond energies and 
the wavelength of light which would match this 
energy and be adequate to break them was 
mentioned in connection with the absorption of 
light in the ultraviolet region, i.e. the ultraviolet 
spectra (page 19). The majority of bonds in 
ordinary organic compounds with C —H, C—C, 
C —O —, etc. linkages, do not absorb in the near 
ultraviolet region yet in practice it is found that 
polymers such as polymethyl methacrylate, 
polyethylene, etc., as well as natural materials like 
cellulose, can be quite severely affected by light 
of such wavelengths and the possible reasons will 
be discussed further below. 

It can be seen from Table 11.1 that some bonds 
have markedly lower dissociation energies than 
those just mentioned. In general carbon-carbon 
bonds are slightly weaker than carbon- hydrogen 
ones. Carbon-oxygen bonds in alcohols are 
strong while the corresponding oxygen- 
hydrogen bonds are even stronger (remembering 
always that we are speaking here of homolysis to 
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radicals, not ionization). The carbon- halogen 
bonds form an instructive series. 

Carbon-fluorine bonds are exceptionally 
stable; carbon-iodine rather weak and this is 
reflected in the frequent spontaneous decompo- 
sition of alkyl iodides at room temperature with 
liberation of free iodine. 

The instability of nitrate esters (as in cellulose 
nitrate) is easily understood from the low 
dissociation energy of the RO—NO, bond. 
RO —OR and RO —OH bonds in peroxides and 
hydroperoxides can be seen to be weak and easily 
broken, hence their role in providing alkoxy 
radicals which initiate, or propagate radical chain 
reactions. 

The very low bond dissociation energies of 
some carbon-carbon bonds in alkoxy radicals 
themselves is also informative. This explains why 
such radicals commonly break up instead of 
abstracting hydrogen, resulting in the formation 
of some small molecules in the course of radical 
chain reactions such as the drying of oils. 


11.1.3 Photochemistry 


Light has to be absorbed to be photochemically 
active. Thus it would seem that only materials 
with appropriate absorption spectra should be 
subject to photochemically induced reactions. 
Polymers such as polyethylene and polymethyl 
methacrylate have, in themselves, no chromo- 
phores to absorb light above about 200 nm yet, 
as stated in the preceding section, they can be 
severely affected by such light. In fact the latter 
material does in practice show weak absorption 
at around 254nm, as does also polystyrene. 

All three of these materials show photo- 
luminescence on irradiation at this wavelength 
and the spectrum of this suggests that it arises 
from a low content of carbonyl groups, possibly 
at the ends of chains. It may be at these points 
that photochemical reactions start. Carbonyl 
groups undergo three types of primary reaction 
on excitation by absorption of light, of which 
one, known as Norrish Type I, yields radicals 
which can then initiate other reactions. 


RCO*+‘R! —» R°+CO+'R! 
RCOR! A 


R*+ RICO" —> R'+CO+'R! 


Because the absorption is so weak, light of this 
wavelength will penetrate quite deeply into bulk 
materials before it is all absorbed, to depths in 
fact at which possibly no oxygen can penetrate 
(though see section 11.1.4). This might lead to 
the formation of stable free radicals (detectable 
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by electron spin resonance spectroscopy), or to 
radicals which simply recombine with loss of 
their energy as light or heat. Light of these 
wavelengths should not normally be present 
inside buildings since it will have been absorbed 
by glass. 

It has been noticed that the temperature at 
which polymers are photolyzed greatly affects 
the course of the reactions. Above the glass, or 
second order, transition temperature (T.) of the 
polymer or in solution, where greater mobility of 
radical species is possible, recombination of 
radicals is less and the quantum yield of the 
photochemical reaction increases. 

Quantum yield is an empirical measure of the 
extent of photochemical reaction divided by the 
amount of light absorbed. More precisely this 
may be expressed as the ratio of the number of 
macromolecules undergoing chain  scission 
divided by the number of quanta absorbed by the 
system. 

Another measure is the quantum yield of 
evolution of low molecular weight products, 
notably gases (CO, CO,, H,, etc.). Some values 
which have been reported for the quantum yield 
of chain scission (at 253.7 nm) are: polymethyl 
methacrylate, 2-32; natural rubber, 0.4; 
cellulose, 0.7-1; cellulose acetate, 0.2; and 
cellulose nitrate, 10-20; all times 10-8. 

The near ultraviolet (300-400nm) is not 
absorbed by methacrylates, many of which are 
stable to it, at least as concerns chain scission. Of 
more importance from the viewpoint of varnish 
materials is the question of insolubilization from 
cross-linking, and light of these wavelengths can 
induce this in methacrylates with reactive tertiary 
hydrogen groups!. Apparently the ratio of cross- 
linking to chain scission was higher at higher, 
rather than lower, temperatures. This is a 
puzzling result since decomposition of radicals 
(leading to fragmentation) is generally more 
pronounced at higher temperatures. 


11.1.4 Diffusion of oxygen into films 


The scheme usually given for the reaction of 
alkyl radicals with oxygen in the course of radical 
chain autoxidation reactions is as follows: 


Initiation RH + D——- R^ 1H 

where I* is an initiator 

R'4O,— ROO’ 

ROO*+ RH —> ROOH + R* 

ROOH ——> RO' -OIT 

RO*+ RH — ROH -- R* 

"OH + RH — H,O + R^ 

Termination R°+R* ^ 
ROO* + ROO: 
R* + ROO" 


etc. 


Propagation 


Chain branching 
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The reaction of alkyl radicals with oxygen occurs 
very readily but evidently the scheme 
presupposes that there is no shortage of oxygen. 
Calculations have been made? to see whether this 
holds truc for different rates of reaction in oil and 
varnish films of various kinds, given the 
consumption of oxygen in the film for a range of 
possible reaction rates; the permeability to 
oxygen of the films, and hence the concentration 
of oxygen attained at particular depths (on the 
assumption of diffusion into the film according 
to Fick's Law). 

A ‘starvation depth’ was defined as the depth 
into the film at which the oxygen concentration 
was reduced to 1075 of that required to maintain 
the reaction rate under consideration. For a 1% 
per month oxidation rate (considered an 
impossibly high rate given the survival of oil 
paintings) this depth was calculated as between 
0.4 and 4mm and consequently oxygen 
starvation in the oil film would seem not to be the 
limiting factor to oxidation of the paint medium. 

For even slower rates, namely 1% per year and 
1% per 100 years, the depths became 1.5-15 mm 
and 1.5-15 cm respectively. Extrapolation to 
these limits would seem to call for experimental 
confirmation, however, given such such 
observations as the survival of readily oxidizable 
compounds in very old resin such as Baltic 
amber, under a quite thin 'skin' of oxidized 
material. 


11.1.5 Sensitized photochemical reactions; 
singlet oxygen 


As already explained, polymers are commonly 
affected by light of considerably longer 
wavelength than that which can be absorbed by 
the material in question, and the presence of 
occasional chromophores attached to the 
polymer may be one reason for this. 

Another is the possible presence of small 
amounts of compounds which can act as 
sensitizers, i.c. which are capable of absorbing 
the light, being raised to an activated state, and 
then transferring this energy to other molecules, 
themselves returning to the ground state. Most 
such photosensitizers are ketones, notably 
aromatic ketones such as acetophenone, 
C,H,COCHsg, and benzophenone C,H,COC,H,. 
Such compounds can have a strong promoting 
influence on the photo-oxidation of a variety of 
substrates though the extent to which such 
effects may occur naturally has been little 
studied. be: 

Another, perhaps more significant, form of 
photosensitization is when the activated 


compound transfers its energy to oxygen to 
produce an activated state of this, known as 
singlet oxygen, which can then undergo 
reactions with an organic substrate. i 

Particularly efficient in the production of 
singlet oxygen, and hence in photosensitizing 
oxidations by it, area number of dyestuffs suchas 
fluorescein, rose bengal, methylene blue, eosin, 
etc.9. Irradiation of solutions of different 
compounds in the presence of one of these and 
oxygen can lead to several types of compound. 
Compounds with single double bonds can yield 
allylic hydroperoxides: 


Eco 


OOH 


Conjugated dienes can add oxygen: 


Z^ 10, O 
SS O 


Some oxidation of saturated hydrocarbons is also 
said to occur. The above hydroperoxides and 
cyclic peroxides can then decompose and the 
resulting alkoxy radicals react as in the usual free 
radical oxidation reactions. Unfortunately most 
investigations and writings on this subject 
neglect the question of what wavelengths of light 
arc effective in these reactions and it is not clear 
whether visible light or perhaps the near 
ultraviolet is responsible. 

The extent to which effects such as these play a 
part in the photo-oxidation of the natural 
materials has been rather little studied but their 
role in the degradation by light of dyed textiles 
(observable by the reduction of tensile strength, 
etc.), well known under the name ‘photo- 
tendering’, has been recognized at least since 
1948. Cotton is the fibre worst affected, while 
yellow and orange anthraquinone dyes have a 
particularly serious effect. No clear correlation 
has been found, however, between structure of 
the dyestuff and deleterious effect. 


11.1.6 Effects of metal ions 


Metal oxides and other salts can also have a 
strong effect on oxidation of organic substrates. 
This has already been touched on in connection 
with the drying of oil paint (page 32) but some 
other examples can also be given. Both zinc oxide 
and titanium dioxide (anatase form) promote a 
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light induced reaction leading to the formation of 
hydrogen peroxide, and thence hydroxy 
radicals?8. This is believed to be related to the 
intermediate formation of an oxygen radical ion: 


ZnO + O,2 (ZnO)* + Oz- 
Os- -- HO HO;+ HO- 
2HOz— H,O, + O, 

H,O, > 2HO* 


The similar sequence of reactions for titanium 
dioxide has been worked out in some detail. The 
wavelength threshhold for the reaction was 
between 375 and 395 nm, i.e. almost into the 
visible region. Water is, of course, needed for the 
reaction sequence and the permeability of most 
organic films to water vapour readily allows for 
this. These reactions and their products lead to 
the breakdown of the medium and the resulting 
‘chalking’ of external paint using such pigments. 
Related effects have been noticed in artists' paints 
using them. 

Some pigments, such as ferrous oxide FeO; 
and carbon black can have a strongly protecting 
influence on a substrate, probably principally 
because they simply prevent light penetration. 
The carbon pigments also show a definite 
antioxidant effect as a result of the phenolic and 
quinonoid structures which many of them still 
retain to some extent. 


11.1.7 Countering oxidation 


The effects of some organic compounds on the 
course or speed of the drying of oils has already 
been discussed (page 33). Only little work has 
been done on the deliberate addition of 
antioxidants to slow down oxidation of museum 
materials but in recent years the question has 
come to the fore as part of efforts to increase the 
lifetimes of varnishes for paintings and so reduce 
the frequency of their removal and renewal. 

A vast range of antioxidants is available 
commercially but many can be eliminated from 
consideration on account of their colour, or the 
colours to which they give rise. Testing of the 
others is rather time consuming but a certain 
amount has been done to find compounds 
suitable for adding to varnishes and this has been 
summarized?. 

Measures of effectiveness have been twofold: 
reduction in yellowing, and reduced rate of 
insolubilization (as indicated by the polarity of 
solvent needed for removal). This latter effect, 
commonly due to oxidation to more polar 
compounds, is sometimes mistakenly equated 
vith cross-linking. 
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11.2 Other agents of deterioration 


Other atmospheric agents of deterioration 
include ozone, whose mechanism of attack on 
rubber has been described (page 101). It attacks 
other unsaturated compounds in a similar way. 
While commonly present in polluted air, 
particularly in cities, its concentration within 
buildings is usually very low because it is rapidly 
destroyed by contact with the organic materials 
in them including, of course, the art works. 
Nonetheless in a recent study in California it was 
found that ozone levels inside a gallery could be 
half as high as those outside. Ozone was found to 
be particularly damaging to alizarin-based red, 
and natural yellow pigments!?. 

Of the nitrogen oxides, nitrogen dioxide 
(NO;, N,O,) is the most dangerous. Dissolved in 
water it gives rise to nitrous and nitric acids 
which are of course corrosive as well as being 
oxidizing agents. As acids these will have similar 
hydrolytic effects to those resulting from sulphur 
dioxide, the main source of acidic contamination. 

Hydrolysis of cellulose and consequent 
reduction in average molecular weight, and 
possibly a similar effect on proteinaceous 
materials, is the principal type of damage to be 
expected of acids. This, together with the effect 
on inorganic materials, has been surveyed by 
Thomson!!, 
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Analysis in practice 


Chapter 2 was devoted to analytical methods in 
general. They were discussed there so that it 
should be understood how the knowledge of the 
compositions of the various classes of materials 
covered in subsequent chapters had been arrived 
at. 

The object of this final chapter is to give some 
account of how these analytical methods are 
applied to the identification. of the organic 
materials of actual museum objects. The 
examples are generally taken from the authors’ 
own results and will consequently be 
concentrated largely on paint and varnishes, and 
on chromatographic methods. 


12.1 Paint 


12.1.1 Sample preparation 


For examination by GLC and GLC-MS a paint 
sample has first to be saponified and methylated. 
Such samples are usually exceedingly small, 
perhaps the size of a full stop (period) at the end 
of this sentence, and they are conveniently 
treated in small teflon-stoppered centrifuge tubes 
or Pierce Reacti-vials, to which they are 
transferred immediately on sampling. These 
vessels must be carefully cleaned beforehand (see 
below). 

For saponification a few drops of potassium 
hydroxide solution, either in methanol or 50% 
methanol- water, are added to the sample and the 
tube warmed up on the steam bath briefly. 
Usually, with oily or resinous media, or even rich 
egg tempera medium, yellow material can be seen 
to flow from the sample, which disintegrates. 
The tube is allowed to stand for 24 hours at room 
temperature or, if closely sealed, it may be heated 


at about 70-80? for an hour or two. The sample 
comes to no harm if left for some time before 
workup. It is then acidified with a few drops of 
diluted hydrochloric acid, diluted with a little 
more distilled water and the freed fatty acids and 
other compounds extracted by shaking with 
pure, recently redistilled ether. 

It is usually a help to centrifuge the tube and 
contents to aid complete separation of water and 
ether layers, the ether solution being then 
pipetted off into a small, clean disposable sample 
tube. This solution is then evaporated to dryness 
on the water bath and the (usually invisible) 
residue redissolved in a few drops of 10% 
methanol in ether and methylated with 
diazomethane (CH,N,). This is a poisonous 
yellow gas which can however be readily and 
safely generated on a small scale in a fume 
cupboard (or hood) and, entrained in a stream of 
nitrogen, be bubbled through the sample 
solution}. 

Methylation is complete ina few minutes, after 
which the yellow solution (containing excess 
diazomethane) is gently evaporated down to 
small volume, but not to dryness. The solution is 
then best transferred to a 0.1 ml Pierce Reacti- 
vial or similar pointed-end tube and further 
concentrated down to a few microlitres by 
warming and gently puffing off the solvent 
vapour with a disposable pipette and teat. It is 
then available for injection into the gas- 
chromatograph using an appropriate syringe. 

Some workers have recommended the use of 
other methylation methods, such as the boron 
trifluoride- methanol complex, but this is not 
convenient on a very small scale. Silylation has 
also been proposed as an alternative 
derivatization method. 
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Figure 12.1 Gas chromatograms yielded by eight-year old paint films of lead white with (/op) egg yolk medium 
and (bottom) linseed oil medium, after saponification followed by methylation of the acids with diazomethane. 

Run on a 25 m wide-bore (0.53 mm) quartz capillary column with BP1 bonded phase (equivalent to SE-30 
methyl silicone). On-column injection. Helium carrier gas. Temperatures programmed from 110? to 310? at 
7°/min. With older films, egg yolk usually shows a small azelate peak while that given by dried oil may be 


stronger than appears here. 


12.1.2 Gas chromatograms of egg and oil 


The chromatograms yielded by simple egg 
tempera medium and drying oil medium are 
shown in Figure 12.1. They have in common the 
peaks due to the methyl esters of the two 
saturated acids palmitic and stearic, plus a 
variable proportion of the mono-unsaturated Cy, 
acid, oleic acid. The dried oil film shows high 
proportions of the dicarboxylic acid degradation 
products, particularly the Cy compound azelaic 
acid. 

'The amounts of these dicarboxylic acid esters 
can be quite variable and it is hard to be sure 
about the reasons for this. 


A peak of azelate about equal to that of 
palmitate would seem to be about the minimum 
to be expected of a pure oil film but sometimes it 
can be very much stronger. Egg fats contain 
small proportions of unsaturated acids and 
formation of small amounts of azelate would be 
expected in tempera films. Sometimes none is 
observable while at others amounts equivalent to 
about a quarter or a third of the palmitate peak 
are present. 

At this point an element of ambiguity creeps in 
and one may suspect the presence of a small 
proportion of drying oil. When this occurs with 
samples from early Italian paintings it is 
reasonable to suppose that some penetration of 
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old oil varnishes into the paint has taken place. 
Old tempera paint may be fairly porous, 
especially after cleaning since the non-drying egg 
fats may be partly extracted by cleaning solvents; 
indeed sometimes only traces of lipid materials 
can be detected. 


12.1.3 Contamination 


The possible penetration of the paint film by 
coatings materials raises the question of 
contamination of the sample generally. The 
quantity of organic material being studied in 
these small paint samples is so small that results 
can be greatly distorted by even traces of 
contaminants. 

The work-up procedure for the samples 
involves the concentration down to a few 
microlitres of perhaps two or three millilitres of 
ether, which has therefore to be of the highest 
purity. Likewise the glassware used must be 
scrupulously cleaned and rinsed, for fats are 
ubiquitous contaminants. 

It is a wise precaution, when results indicate 
very low lipid levels, to run a blank sequence 
without sample to check on background levels. 


12.1.4 Palmitate/stearate ratios 


A study of dried drying oils? suggested that it 
might be possible to distinguish between the 
three main kinds used in western European 
painting, linseed, walnut, and poppyseed, on the 
basis of the relative amounts of palmitate and 
stearate observed. Subsequent experience with 
many samples has tended to confirm that this can 
often be done with reasonable confidence though 
inevitably there are sometimes ambiguous 
results. 

A histogram of palmitate/stearate ratios 
obtained with samples from Italian paintings of 
between 1400 and 1800 (Figure 12.2) shows a 
bimodal distribution corresponding to use of 
linseed (most frequent ratio 1.7) and walnut 
(most frequent ratio 2.6) oils**. Overlap between 
the two probably occurs in the 2.1-2.3 ratio 
region. 

'The results also suggest that walnut oil was 
preferred in Italy when oil-painting started in the 
15th Century, while use of linseed oil, always 
more common in Northern Europe, became 
more usual in ltaly in the next century. 
Poppyseed oil, with a palmitate/stearate ratio 
above 3.0, has been most commonly encountered 
in paintings of the French school, particularly of 
the 19th Century**. The grounds of paintings of 
the 17th Century French School are prepared 
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Figure 12.2 Histogram of palmitate/stearate ratios 
obtained from Italian paintings of the 15th to 18th 
Centuries. 

The bimodal distribution corresponds to use of 
linseed oil (most frequent ratio 1.7) and walnut oil 
(most frequent ratio 2.6). The two overlap in the 
2.2, 2.3 region 


with both linseed and nut oils, and more rarely 
with poppyseed?. 

A recent study of the compositions of linseed 
and poppyseed oil films, dried in the presence of 
octanoates of cobalt, manganese, lead, and zinc as 
driers, has provided valuable confirmation of the 
constancy of the palmitate/stearate ratios during 
the drying process?. Linseed oil (33 results) gave 
an average ratio of 1.6 witha spread of 1.4 to 1.9. 
Poppyseed oil gave an average ratio of 3.3 (39 
results) with a spread of 2.9 to 3.7. The same 
sample of oil was involved in each case so the 
spread in results must represent imprecision 
resulting from the work-up and analytical 
method rather than a real variation in 
composition. 
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There is literary evidence that painters of 
various periods were conscious of the different 
properties of the various oils, notably the lesser 
tendency to yellowing of walnut and poppyseed 
as opposed to linseed. Analytical results have 
confirmed that this knowledge influenced their 
practice. Recommendations to use particular oils 
with particular pigments were made by the 18th 
Century English artist Thomas Bardwell and 
analysis of his paintings has showed that to some 
extent he followed his own precepts’. 


12.1.5 Additional components in the paint 
film 


In addition to the main ester components from 
oil or egg fat mentioned above, many minor 
peaks also usually appear on the gas 
chromatogram. Some of these which are 
commonly present have been identified and are 
of no particular diagnostic significance, but 
occasionally unusual or less common peaks 


appear whose identification calls for mass 
spectrometry. This has proved of particular 
value in confirming the presence of resin 


components in paint samples even in cases where 
such small amounts survive as to produce 
scarcely perceptible peaks on the chromatogram. 

'The chromatogram of a sample of green paint 


Time (min) 


0.00 16:12 17:17 18:22 19:27 20:32 21:37 2243 


420 


scan no. 


from a painting by Raphael (S. Jobn the Baptist 
Preaching, ? National Gallery, London) was typical 
of oil and showed a palmitate/stearate ratio of 2.7 
(walnut). Figure 12.3 shows the later part of this 
chromatogram together with a scan for mass 314 
(the molecular ion of methyl dehydroabietate) 
which shows this to be mostly present in the 
position of the small peak centred at scan 375 and 
the spectrum of this peak is indeed that of this 
compound (Figure 12.4). A mass scan at 328, the 
molecular ion of methyl 7-oxodehydroabietate, 
showed this compound also present at scan 442. 

These two compounds are the only remaining 
indicators surviving from pine resin in the 
medium. Two other samples from this painting 
(blue sky and black) were found to be in egg 
tempera medium and the use of oil and resin for 
the green suggests that this colour was of the 
transparent ‘copper resinate’ type made by 
heating verdigris with an acidic resin. 

The survival of the resin components may be 
due to two factors. Firstly, green copper 
pigments are known to slow down oxidation 
processes, and the presence of quite a large 
proportion of oleic acid in this sample is a further 
instance of this. Secondly the green paint had 
been partly covered for some time by restorers' 
putty which would have protected it from the 
action of light. However this cannot have been 


Figure 12.3 Later section of a gas 
chromatogram of a green paint sample 
(after saponification and methylation) from 
Raphaels 57. John the Baptist Preaching 
(National Gallery, London) together with 
scans for masses 314 and 328, the molecular 
ions of methyl dehydroabietate and methyl 
7- oxodehydroabietate respectively, which 
permit their localization on the 
chromatogram. 

The small size of the sample and the need 
for high sensitivity settings on the mass 
spectrometer result in a rather 'noisy' 
chromatogram. The spectra of the two 
resin components are shown in Figure 12.4 
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Figure 12.4 Mass spectra of scans 375 and 
442 of the chromatogram shown in Figure 
12.3. 

While less than perfect, the spectra are 
quite adequate to identify the compounds 
as the methyl esters of dehydroabietic acid 
and 7-oxodehydroabietic acid, formed by 
oxidation of original abietadiene acids of 
pine resin in the green Raphael paint, which 
was probably of the ‘copper resinate' type 
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operative over a very long proportion of the 
painting’s five hundred year life. 

Small quantities of dehydroabietate have 
likewise been detected in green paint samples 
from work by Altdorfer, Veronese, and 
Rubens!9, In the last instance it was also found 
in paint of other colours. 

Another type of component which may, in 
certain rare instances, be present admixed with 
oil medium is wax. The paintings of George 
Stubbs (1724-1806) are well-known, even 
notorious, among restorers for their frequent 
vulnerability to solvents (such as might be used 
for varnish removal) and heat (as might be used 
in relining or  blister-laying operations). 
Examination of samples from several of his late 
paintings has indicated that he used varied 
combinations of oil, non-drying fat, resin, and 
wax as his medium!!-!?, 

The detection of beeswax as such is discussed 
elsewhere (page 45) but when it is present in a 
paint sample which is saponified and methylated 
its composition is changed (wax esters are 
converted to methyl esters) and one needs to be 
able to recognize the different pattern. Figure 
12.5 shows the chromatogram obtained from a 
sample from a late Stubbs painting, Hambletonian. 

In addition to oil components a number of 
minor peaks are to be seen emerging after 


Time (min) 
8:39 11:58 17:58 23:59 30:00 
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stearate. Some were suspected of being resin 
components and were indeed identified as 
dehydroabietate and 7-oxodehydroabietate as 
indicated. A scan for mass 74, the base peak for 
long chain saturated fatty acids, picks out the 
pattern of these in the post-stearate section 
(Figure 12.6) which were identified as those 
characteristic for saponified beeswax (Figure 
12.7). As can be seen from this latter 
chromatogram, beeswax contributes a large 
amount of palmitic acid which would vitiate any 
attempt to identify the oil from the palmitate 
stearate ratio. 


12.1.6 Proteinaceous media 


It will have been noticed that nothing has been 
said so far regarding the detection of proteins, 
such as egg albumin or animal glue, by the above 
procedures. These are in fact transparent to the 
presence of protein which is not isolated by the 
workup method but stays in the aqueous phase, 
whether hydrolyzed to amino acids or 
unchanged. If a protein medium is suspected 
then acid hydrolysis, derivatization and 
chromatographic determination of the amino 
acid composition is called for (page 78). 

The derivatization methods utilized in the 
authors’ laboratory involve methylation of the 


36:02 


Figure 12.5 Capillary gas chromatogram 
of a sample of paint from George Stubbs’s 
Hambletonian (The National Trust) after 
saponification and methylation. It shows 
azelate, palmitate, and stearate peaks 
suggestive of drying oil but also a number 
of post-stearate peaks from other 
components. That section is shown 
enlarged in Figure 12.6 
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Figure 12.6 Post-stearate section of the 
chromatogram shown in Figure 12.5. 

A scan for mass 74 (lower curve), a major 
peak in the mass spectra of fatty acid esters, 
shows up the chromatographic peaks for 
these. They proved to be the methyl esters 
of the C» Co Coy and Ca acids, 
maximizing at Co, as in beeswax (see Figure 
12.7). Also detected were (a) methyl 
dehydroabietate and (b) methyl 7- 
oxodehydroabietate from pine resin, which 
overlapped the peaks of the Ca and Cys 
esters 


Figure 12.7 Capillary gas chromatogram 
of beeswax after saponification and 
methylation. 

In addition to the peaks of palmitate and 
stearate, the peaks labelled El to E5 
correspond to esters of the even, saturated, 
straight-chain Cgo to Cog acids (maximum at 
Ca). The peaks labeled H1 to H5 
correspond to the odd, straight-chain 
hydrocarbons from C3, to Cy, 
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carboxylic acid groups (dry HCl/methanol) 
followed by trifluoroacetylation of the amino 
groups (trifluoroacetic anhydride). The 
procedure for this has been described in detail 
elsewhere!? as have a number of identifications of 
particular proteins on a basis of relative amounts 
of particular amino acids. 

Another instance which may be cited is that of 
the medium used by the French painter Edouard 
Vuillard (1868-1940). This artist sometimes used 
a curious technique involving powder colours 
tempered with an aqueous medium™. Examin- 
ation of samples from one such painting (private 
collection) indicated the presence of egg fats but 
subsequent amino acid showed the presence of 
hydroxyproline, which could only come from 
animal glue. It was found possible to separate the 
proteins from the two sources by gentle 
extraction with slightly acidic water. Amino acid 
analysis of the soluble and insoluble fractions 
showed a clear separation into collagen and 
albumin respectively. How exactly this 
combination of materials was used as a medium 
remained unclear however. 


12.1.7 Staining and other micro techniques 


A drawback of instrumental methods of analysis 
of paint samples is the impossibility of effecting 
them 7/4 situ on multilayered samples. The 
technique of differential staining of cross- 
sections, to show up oil or protein layers, and 
possibly distinguish also between different types 
of the latter, has therefore long seemed an 
attractive one and some account of its 
development must be given. 

The first attempts at this approach were 
published? as early as 1905 but they were not 
widely known until the article reappeared in 
English translation!$ in 1936. Occasional use of 
such techniques was then made but it was not 
until the studies of M.-C. Gay that they began to 
be systematically used!?. 

As well as a number of chemical reactions on 
thick sections mounted in a polyester resin Gay 
used staining with Sudan black B and Oil red O 
for the detection of oil and egg fat components. 
They were found unreliable, however, as they 
could give falsely positive results through 
absorption by some pigments (particularly 
chalk), and also falsely negative results since 
thoroughly dried oil does not adequately absorb 
them unless it is heated to about 60°. For protein 
staining, acid fuchsine and also light green in 
solutions of different pH were used. Roughly 

summarized, her results showed that it was easy 
to detect gelatine, less easy to detect egg albumin 


using these stains. 


Shortly thereafter Johnson and Packard! 
described an extensive study of samples from 
15th and 16th Century Italian paintings using 
Sudan black B as an oil stain and principally 
Ponceau S as a stain for proteins. They 
interpreted their results on the basis of the 
following simple scheme: 


Stain for oil but not for protein: oil layer; 
Stain for protein but no stain for oil: glue; 
Stain for protein and moderately positive stain 
for oil in the same layer: egg tempera. 


They also claimed to be able to detect artificial 
emulsions of oil with egg yolk or glue. 

An interesting result was the use of oil medium 
for copper resinate-type greens in 14th and 15th 
Century paintings which were otherwise entirely 
in tempera technique (cf. the result for the 
Raphael painting described above). Unfor- 
tunately reserve must be felt concerning some of 
the more specific findings (such as the 
identification of the oil as walnut oil) since they 
were based on thin-layer chromatography of the 
non-saponifiable components of the sample, a 
method later shown to be incapable of such 
specificity}, 

Gay followed up her first article with a second 
detailing further results obtained with similar 
methods??, She rejected the use of thick sections 
for staining as they often gave falsely positive 
results because of porous layers or infiltration of 
the stain into cracks or between layers. An 
interesting finding was that in mainly tempera 
painting oil was also sometimes used to coat the 
gesso (to render it impermeable) and also in lead 
white underlayers. 

A sequence of four papers by Martin?! ?!, also 
working at the Laboratoire de Recherche des 
Musées de France, succeeded those of Gay. She 
developed new staining reagents based on amido 
black (noir amide) in solutions of varying pH. 
These three reagents reacted differently with 
gelatine and albumen and to some extent allowed 
their distinction. One of these reagents was 
particularly sensitive and was claimed to make 
detection of protein in artificial emulsions more 
certain. Such emulsions were said to have been 
detected in certain areas of many painting later 
than the 16th Century. 

These tests were all carried out on thin sections 
or sometimes simply on flakes of paint. 
Emulsions are also claimed to have been detected 
frequently as the medium of certain highlights, 
particularly yellow highlights using the pigment 
lead-tin yellow, in Flemish primitives of the 15th 
and 16th Centuries?5. 

A very interesting study of media, both by 
staining of cross-sections and by gas- 
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chromatography (though without full details of 
the experimental results being given) was carried 
out on the particularly well documented series of 
paintings by different artists for the S/udiolo of 
Isabella d'Este in Mantua, executed in the late 
14th and early 15th Centuries?$, 


12.1.8 Paint and other coatings on external 
stone 


The analysis of polychromy and coatings which 
have been subjected to all the weathering and 
contamination of the outside world, and also 
perhaps to sundry protective treatments, 
presents very great difficulties. An attempt was 
made to identify the medium of the painted 
sculptures on the facade of the cathedral in 
Ferrara??, 

Both casein and oil were found by gas 
chromatographic examination but it seemed 
likely that all of the latter came from a coating of 
linseed oil applied as a protective measure in 
1843. Examination of organic coatings on 
sculpture and columns on the facade of the 
church of San Petronio, in Bologna, suggested 
the use of a casein coating as a probably non- 
original protective layer while a layer in direct 
contact with the sculptures of Jacopo della 
Quercia contained beeswax among other 
components and could represent an original 
coating”. 


12.2 Varnishes and lacquers 


The identification of varnishes on paintings is 
not often undertaken. Unlike the paint the 
varnish is very rarely original, having in most 
instances been removed and replaced, or simply 
‘refreshed’ with an additional layer, many times 
in the lifetime of the painting. This latter factor 
makes analysis difficult and even if it is 
successful, the result’s significance for the history 
of the painting may be hard to interpret. 

Varnishes of other kinds however, such as 
those on furniture and other woodwork 
(including musical instruments), on globes, and 
on metalwork (including scientific instruments) 
may well be original and the subject of great and 
even passionate interest. Much can be achieved in 
the way of identifying varnish ingredients but 
there are limitations, particularly to the detection 
of the hard copal resins or amber??. 

The sample is usually saponified and 
methylated in the same way as for paint. Oil is 
then readily detected by gas chromatography as 
are surviving diterpenoid resin components. By 
increasing the maximum oven temperature 
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above that usually used the possible presence of 
triterpenoid resin components, and higher fatty 
acid esters from waxes, can also be detected 
though not usually positively identified unless 
GLC-MS is being used. 


12.2.1 Varnishes 


Figure 12.8 shows the chromatogram yielded by a 
varnish removed from Pieter Brueghel’s 
Adoration of the Kings (National Gallery, 
London)*°. This was a varnish remaining on the 
painting after removal of upper, more soluble 
varnish layers and presumably represented an 
early varnish remaining after an incomplete 
cleaning though of quite uncertain date. 

In this instance the presence of oil had been 
indicated in the usual way and a second sample 
was then extracted overnight with cold ether/ 
methanol (9:1) and the extract then diluted with 
further methanol to precipitate less polar 
polymeric material. Methylation with diazo- 
methane was followed by injection of 0.5 ul of 
the concentrated solution under cold trapping 
conditions using a Grob splitless injection 
system at 260? with solvent tail cutting after 20 
seconds. A 6 m flexible quartz capillary column 
coated with SE30 silicone gum was used. The 
carrier gas was helium at 0.6 bar pressure and the 
column oven was programmed from 120? to 260* 
at 5°/minute. The Kratos MS-25 mass 
spectrometer was set up for electron impact 
ionization at 70eV with a source temperature of 
220°. Scanning was 1 second/decade witha 30 sec 
sampling rate. 

The earlier section of the chromatogram 
shows diterpenoid resin components, the later 
peaks are the triterpenoid resin components. The 
largest peak (centred at around scan 311) 
composite but contains methyl 7-oxodehydro- 
abietate as the main component. The second 
largest peak (at around scan 242) is methyl 
dehydroabietate. More significant is the 
detection of the labdane diterpenoid larixol (see 
page 89) at scan 222, indicating the presence of 
Venice turpentine, the resin of Larix decidua, in 
the varnish. 

The peak at around scan 201 is methyl A8- 
isopimarate whose presence in this amount is not 
readily interpretable though it may have been 
formed by isomerization of methyl isopimarate, a 
major component of Venice turpentine. In the 
later, triterpenoid section a scan for mass 426 
picked out a possible triterpene alcohol which 
was identified from its mass spectrum (Figure 
12.9) as tirucallol, a component of mastic resin. 

Most of the other peaks were not identified but 
the largest one at scan 923 contained several 
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Figure 12.8 Gas chromatogram afforded (after methylation) by a cold ether-methanol extract from a varnish 
removed from Pieter Bruegel’s Adoration of the Kings (National Gallery, London). 

A flexible quartz capillary column coated with SE30 silicone was used, programmed from 120° to 260? at 
5°/min with helium at 0.6 bar pressure as carrier gas. The mass spectrometer was set up for electron impact 
ionization at 70eV with scanning at 1 sec/decade. Two main groups of peaks are seen, corresponding to 


diterpenoids and the triterpenoids. 


As well as the usual esters (a) dehydroabietate and (b) 7-oxodehydroabietate (in a composite peak) and the less 
usual (c) A8-isopimarate, a neutral compound (d) larixol was identified, indicating the presence of Venice 
turpentine. Among the triterpenoids were (e) tirucallol (MW 426) and methyl ursonate (MW 468) in (f) a 


composite peak 


triterpenoid keto esters of molecular weight 468 
including methyl ursonate with base peak at mass 
203. Venice turpentine was commonly included 
in 18th Century mastic varnish recipes, 
supposedly for its plasticizing properties. 

Varnishes from three 18th Century musical 
instruments, all made in Italy, were analysed by 
gas chromatography  alone?!, While not 
identified with the degree of assurance possible 
with GLC-MS, large samples and use of 
standards gave fairly clear results. All three 
contained walnut oil and pine resin (presence of 
dehydroabietate and 7-oxodehydroabietate), but 
a Serafin violin appeared to have additional 
sandarac and possibly an unidentified 
legumingus copal. 

The varnish of a Tononi ‘cello also yielded 
some beeswax on extraction with benzene while 
the methanol-soluble portion of the same extract 
showed some triterpenoids attributable to the 
presence of mastic or dammar. The rich red- 
brown colour of this last varnish seemed to be 


attributable to a lake pigment rather than 
dragons’ blood resin or discolouration due to 
strong heating. 

It is possible to distinguish shellac varnish by 
chromatography of the saponified and 
methylated material though the complicated 
pattern of peaks obtained is quite variable and 
not all of them have been identified. The 
variations may be due to different treatments 
applied to the raw shellac, for example the extent 
of dewaxing. 

Figure 12.10 shows the rather poor 
chromatogram yielded by a fifty or so year old 
film of shellac. Clearly it has components in 
addition to those reported (page 101). The 
compounds after stearate could not be identified. 
There seems to be no sign of aleuritic acid, nor do 
the sesquiterpenoid acids appear but for these to 
be seen it would probably be necessary to 
derivatize the hydroxyl groups. 

Figure 12.11 shows the chromatogram yielded 
by the varnish covering a metal backplate of 
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Figure 12.9 Mass spectrum of scan 896 of 
the chromatogram of Figure 12.8, 
identifying it as the triterpene alcohol 
tirucallol, probably from mastic resin 
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Figure 12.10 Chromatogram yielded by a 
film of shellac (about 50 years old) after 
saponification and methylation. Identified 
peaks include (a) myristate; (b) palmitate; 
and (c) stearate 
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about 1820. Two such backplates (to a handle on 
a piece of furniture) had accidentally been used 
instead of one and consequently the original 
varnish or lacquer on the lower one had been 
protected from erosion and oxidation. The 
pattern is similar to that of shellac, though with 
variation, and its identification as this seems 
certain, especially given the absence of any 
plausible alternative: there are no detectable di- 
or triterpenoids and it is clearly not simply drying 
oil. 

A modern varnish removed from a painting by 
Rubens, the 'Gerbier Family in The National 
Gallery of Art, Washington DC, was thought to 
be shellac on the basis of its infrared and visual 
spectra??, 


12.2.2 European lacquers 


European lacquers were made in imitation of 
Japanese lacquering in the late 17th and the 18th 
Centuries and they were, in practice, pigmented 
spirit varnishes. The materials of two such 
lacquers, both green-pigmented, have been 
identified. One, covering a commode by 
Chippendale dated 1770, consisted solely of pine 
resin and still showed (Figure 12.12) all the 
original diterpenoid components though with 
the proportion of dehydroabietic acid much 
increased. Surprisingly, even monoterpenoid oil 
of turpentine components were still 
observable?9, 

Another green lacquer covered the woodwork 
of an Irish harp and this showed a different 
composition??. A high proportion of sandara- 
copimaric acid, in addition to dehydroabietic 
acid, indicated use of a mixture of sandarac and 
pine resin. In both these cases the green pigment 
undoubtedly contributed to the preservation of 
the resin components. 


12.3 Resinous objects 


Resins preserved in bulk rather than as thin films 
of varnish are naturally less susceptible to 
oxidation, except superficially. The most striking 
demonstration of this is the case of Baltic amber 
(page 96) which after many millions of years 
still yields a recognizable chromatogram of 
diterpenoid and other components, and this is 
naturally also true of any artefacts made from it. 

Other hard resins are also carved to make small 
sculptures such as a Maori head. A sample from 
this yielded the chromatogram shown in Figure 
12.13. It is readily recognized as that of Kauri 
from Agathis australis, which grows only in New 


Zealand. 


- 


12.4 Wax objects and coatings 


As explained in Chapter 4, waxes are commonly 
stable materials containing hydrocarbons and 
esters. Old samples are therefore often of similar 
composition to fresh materials and, because of 
the absence (or insignificance) of highly polar 
groups, they may be examined directly by gas 
chromatography without derivatization. 

However some of the components are of high 
molecular weight and high temperatures are 
needed to elute them from the chromatography 
column. With packed columns a number of 
possible stationary phases (stripped, by heating, 
of more volatile material) permitted use up to 
380°. OV-1 silicone was reasonably successful 
used as a 1% coating on acid-washed Diatomite, 
but better still was 1% Dexsil 300 on non- 
silanized, acid-washed Chromosorb W as this 
had lower bleed levels and allowed use of higher 
sensitivity settings. More recently capillary 
columns have been used with greater success. 

Figure 12.14 shows the chromatogram yielded 
by an unmethylated sample taken from the bust 
of Flora (Berlin Museums), variously attributed 
to Leonardo da Vinci and a 19th Century 
imitator. It shows the presence of spermaceti 
wax, beeswax, and stearin wax (free saturated 
fatty acids). Figure 12.15 shows a section of the 
chromatogram yielded by the methylated ether 
extract of the sample, showing additionally the 
presence of pine resin, as wellas stearate from the 
stearin wax, and some of the original wax esters 
from the spermaceti. 


12.5 Bituminous adhesives and 
coatings 


Figure 12.16 shows a capillary gas chromatogram 
of the hexane-benzene extract of a black coating 
which was found on a fracture of a sarcophagus 
(British Museum), from the El-Amarna royal 
tomb (1362 BC), which had been broken in 
antiquity. It shows, as the major components, 
triterpanes together with minor polyaromatic 
hydrocarbons, both characteristic for bitumen 
(page 52). 

Figure 12.17 shows the so-called *hopanogram' 
for a section of the chromatogram, i.e. the scan 
for mass 191, a major, and usually the base, peak 
for hopanoid compounds which are invariable 
components of bitumens and serve as their most 
characteristic identifier. The mass spetrum of the 
main hopanoid peak (Figure 12.18) identifies it as 
29-norhopane. 

Figure 12.19 shows another chromatogram of a 
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Figure 12.11 Chromatogram yielded, after 
saponification and methylation, by the 
varnish on a metal backplate froma piece of 
English furniture dating from about 1820. 

Identified peaks include (a) laurate; (b) 
myristate; (c) palmitate; and (d) stearate. 
The broad post-stearate peaks were not 
identified but were detected as also present 
in the broad, composite peaks on the 
preceding chromatogram. The two 
chromatograms were run under different 
conditions and are not directly comparable 


Figure 12.12 Chromatogram yielded by a 
green lacquer from a Chippendale 
commode of 1770. 

The early peaks are of residual 
monoterpenoids from oil of turpentine, the 
later are common pine resin components, 
here unusually well preserved. Methyl 
esters of (a) pimaric; (b) sandaracopimaric; 
(c) isopimaric; (d) dehydroabietic; and (e) 
abietic acids 
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hexane-benzene extract of a bituminous 
material, this time used as the adhesive for 
attaching the pupil of an eye ona statuette found 
at a pre-pottery, Jericho site at Abuabed 
(Jordan), of around 6000 BC. 

The hopanogram again shows up 
characteristic hopane components, though here 
the small sample, and need to use a high 


mmm a e n en e d 


Figure 12.13 Chromatogram of a sample 
from a carved head made of resin, after 
methylation of the acidic components. The 
main peaks are: (a) methyl sandara- 
copimarate; (b) sandaracopimarol; (c) 
methyl abietate and (d) dimethyl agathate. 

The pattern corresponds well with kauri 
resin from New Zealand and the head was 
probably of 19th Century Maori manu- 
facture. The object had, by chance, been 
found on a Romano-British site in 
England and before analysis was thought 
to be of that period and place 
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Figure 12.14 Capillary gas 
chromatogram of wax from a bust 
of Flora (Berlin Museums). The 
chromatogram shows beeswax 
components (marked B) and 
spermaceti wax ester components 
(marked S). Further components 
were identified by GLC-MS (see 
Figure 12.15) 


Start 


sensitivity setting on the mass spectrometer leads 
to a ‘noisy’ mass scan owing to the scattered 
presence of mass 191 throughout the triterpane 
section from other components or even 
background. Such a result is representative of 
what may be expected from typical small samples 
of an archaeological nature. It is quite adequate, 
nonetheless, for a positive identification of the 
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Figure 12.15 Gas chromatogram of an 
ether extract of the wax from Flora, after 
methylation of acids. í 

(a) and (b) are methyl stearate and 
palmitate from stearin wax (and to a small 
extent from the other waxes); between 
scans 600 and 740 are pine resin 
components including (c) dehydroabietate 
and (d) 7-oxodehydroabietate; following 
scan 800 are spermaceti esters partly 
extracted into the methanol 


Figure 12.16 Capillary gas chromatogram 
yielded by the benzene-soluble fraction of 
bitumen from a sarcophagus from the E1 
Amarna Royal Tomb, 1362 BC. 

Most peaks are of triterpanes but the 
major one is due to contamination (see text) 
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Figure 12.17 Section of the preceding 
chromatogram with scan for mass 191 
(lower curve), which picks out hopanoid 
triterpanes 
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E | T Figure 12.18 Mass spectrum of the main 
hopanoid component of the preceding 
chromatogram identifies it as 29- 


600 norhopane 
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Figure 12.19 Section of the gas 
chromatogram of bituminous material 
used to attach the pupil of an eye on a 
sculpture from Abuabed (c. 6000 BC). A 
scan for mass 191 (lower curve) picks out 
the hopane components 


Figure 12.20 Chromatogram yielded (after 
methylation) by the impregnant/adhesive 
from a 4th Century BC Greek vessel, 
excavated from off Kyrenia, Cyprus. 

The components are: (a) 1,2,3,4- 
tetrahydroretene; (b) a mixture of methyl 
isopimarate and  dihydroabietate; (c) 
methyl dehydroabietate; and (d) methyl 
abietate. The pattern is puzzling but may 
represent a mixture of both pine resin and 
softwood tar 
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material as bitumen. The mass spectrum of the 
largest hopanoid peak showed it to be again 
norhopane. 

A cautionary note Is provided by the identity 
of the largest peak on both this chromatogram 
and that of the Amarna sample. This in fact is due 
to bisoctyl phthalate, a common plasticizer for 
polythene as used for bags, sample tubes and 
their stoppers. This and other phthalate esters 
are, unfortunately, frequent contaminants of 
samples which have been stored in containers of 
this kind and obviously their presence can give 
very misleading results if gas chromatography 
alone is being used without the certain 
identification provided by mass spectrometry. 

An interesting, not completely explained 
result was yielded by the material impregnating 
plant material (Agave sp.) lying between lead and 
the wooden hull of a Greek vessel of the 4th 
Century BC*4. The chromatogram (Figure 12.20) 
shows the presence of 1,2,3,4-tetrahydroretene, a 
decarboxylated and dehydrogenated product 
found in softwood tar (see page 54), but also 
the unchanged diterpene acids, abietic and 
isopimaric, as well as  disproportionation 
products from abietic acid, dihydro-, and 
dehydroabietic acids. It is not clear how this 
pattern could have resulted. It may represent an 
initial mixture of resin and tar, further altered 
under the anaerobic conditions of long 
submersion on the sea bed. 
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Abienol, 89 

Abies resins, 89 

Abietane compounds, 85-86 

Abietic acid, 57, 86-89, 158 

Absorption spectrum, 18 

Acetal, 60, 63 

Acetic acid, 10 

Acetylene, 3 

Acid dyes, 122 

Acidity, 10 

Activation energy, 134 

Adipocere, 29, 38 

Adsorbent, 13 

Aetius, 30 

Algathis resins, 90 

Albumen, 76 

Albumin, 76 

Alcohols, 8, 9 

Aldehydes, 9, 60 

Algae, 51, 68 

Alginic acid, 68 

Alizarin, 122 

Alkanes, 1 

Alkanet, 122 

Alkoxy radicals, 31, 33-34, 137 

Alkyd resins, 115 

Alkyl halides, 8 

Alkyl radicals, 34, 137 

Allene, 3 

Aloes, 126 

Alumina, 13 

Amber, 96-99, 138, 152 
ESR spectra, 23 
GLC, 97 
infrared spectra, 98, 99 
NMR spectra, 22, 99 
South American, 99 
varnish, 99, 149 

Amides, 12 

Amines, 11 

Amino acid analyser, 14, 78 

Amino acid dating, 79 

Amino acids, 73-74 


Aminomethane, 11 

Ammonia, 11 

Amphorae, 29, 96 

Amylopectin, 66 

Amylose, 66 

Analysis, 141—158 

Analytical methods, 13-24 

Aniline, 11 

Aniline blue, 130 

Anomers, 61 

Anthraquinone dyestuffs, 122-123, 
130 

Antioxidants, 33, 139 

Araucaria $p., 68, 70, 90 

Archil, 122 

Argemone oil, 104 

Aromatcity, 5 

Arrhenius equation, 134-136 

Asbarg, 125 

Asphalt, 48 

Asymmetric centre, 3 

Autoxidation, 9, 137 

Auxochrome, 121 

Avogadro's number, 18 

AW?2 resin, 118 

Axin or aje, 104 

Azelaic acid, 34, 142 

Azine, 11 


Bases, 11 

Bathochromic effect, 121 
Beeswax, 19, 41-42, 146, 149, 152 
Benzene, 5 

Benzine, 7 

Benzoic acid, 95 

Benzoin, 95 

Biological markers, 49 

Birch bark, 54, 57 

Bistre, 57 

Bitumen, 33, 48, 54, 152-158 
Blacklead, 57 

Boat form, 4, 5, 63 
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Bog butter, 29, 38 
Bond 


angle, 2, 4 

covalent, 2 

dissociation energy, 18, 19, 30-31, 
136 


double, 3, 5, 20, 21, 31, 35, 36-38, 
86, 89, 103, 104—105, 111, 121 


conjugated, 3, 5, 21, 27, 35, 86, 
89, 121 
hydrogen, 9, 10, 75 
making and breaking, 6 
pi (x), 20 
sigma (c), 20 


Bone black, 57 
Brasil wood, 122 
Butane, 2 
Butter, 29 


Calaton, 116 

Callitris resins, 90 

Camphor, 85 

Canada balsam, 89 

Candelilla wax, 44 

Candles, 38, 42 

Canonical forms, 10 
Caoutchouc, 99 
Carbohydrates, 60-70 
Carbon black, 33, 37, 57, 139 
Carbon-carbon bonds, 2, 112 
Carbon dioxide, 8, 60 
Carbon-halogen bonds, 137 
Carbon-hydrogen bonds, 1, 30, 136 
Carbon tetrachloride, 8 
Carbonium ion, 7, 33 
Carbonyl compounds, 9 
Carboxylic acids, 10 


di-, 34 
esters of, 11 
salts, 11 


Carboxymethylcellulose, 65 
Carminic acid, 123, 124 
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Carnauba wax, 44 
Carotenoids, 21 
Carpets, 123, 124, 125, 129, 130 
Casein, 76 
Cashew nutshell liquid, 105 
Castor oil, 30 
Cellobiose, 63 
Cellulose, 24, 64-65 
acetate, 65 
derivatives, 65 
nitrate, 65 
Ceresine wax, 44 
Cetyl alcohol, 42 
Cetyl palmitate, 42 
Chair form, 4, 5, 63 
Chalking of paint, 139 
Charcoal black, 57 
Cheese, 76 
Chia oil, 30, 104 
Chippendale lacquer, 152 
Chiral centre, 3 
Chloroform, 8 
Cholesterol, 36, 43 
Chromatography 
column, 13 
gas-liquid (GLC), 14-16, 43, 45- 
46, 57, 69, 78, 96, 97, 116, 142, 
144, 146-147, 149 
pyrolysis, 16, 118 
high performance liquid (HPLC), 
16, 78, 129 
ion-exchange, 14, 78 
liquid/liquid, 14 
paper (PC), 14, 69, 78 
solid/liquid, 14 
thin-layer (TLC), 14, 69, 78, 96, 
129 
Chromophore, 121 
Cinnamic acid, 95 
cis—trans isomerism, 3, 4, 26, 100 
Close Rolls, 30 
Cluster analysis, 106 
Coal, 48, 54 
Cochineal, 124, 129 
Collagen, 74 
Colophony, 37, 83, 89 
Colour, 121 
Coloured compounds, 21, 121-132 
Column chromatography, 13 
Column ovens, 15 
Columns, GLC, 14-15, 149 
Communic acid, 87, 90, 97 
Conformations, 2, 4 
boat and chair, 4, 63 
Coniferae, 85 
Conifer resins, 85-91 
Conjugation, see Bond, double, 
conjugated 
Contamination of samples, 143, 158 
Copaiba, 86, 91 
Copal, 90, 91, 149 
Copper resinate, 127, 144 
Cosmic rays, 17 
Covalent bonds, 2 
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Cross-linked network, 32, 115 

Cyclic compounds, 4 
unsaturated, 5 

Cyclohexanone resins, 118-119 

Cyclopentane, 4 

Cyclohexane, 4 

Cyclohexene, 5 


Dacron, 116 
D and L nomenclature, 61, 73 
D-aldose sugars, 61, 62 
Dammar resin, 19, 20, 93, 95, 96 
Dating 
amino acid, 79 
14C, 79 
de Hooghs, faked, 118 
Dehydroabietic acid, 57, 86, 89, 96, 
144, 146, 150, 152, 158 
Derivatives, 11, 16, 69, 78, 141 
Detectors 
GLC, 16 
HPLC, 17 
Detergents, 11, 38 
Deterioration, 134—139 
Dextrin, 66 
dextro-, 3 
Diazomethane, 141 
Dichloromethane, 8 
Dienes, see Bond, double 
Dimethylamine, 11 
Dimethylbenzenes, 5 
Dimethylformamide, 12 
Dipterocarpaceae resins, 93 
Direct dyes, 122 
Distillation, 85 
Diterpenoids, see Terpenoids, di- 
Dithio linkages, 75 
Dry-cleaning, 8 
Dryers, 32, 37 
Drying of oils, 30-34 
Dyers' broom, 125 
Dyestuffs, 21, 121-132 
fading of, 130-132 
natural, 122-129 
analysis, 129 
blue, 126 
brown and black, 127-128 
mixed, 127 
red vegetable, 122, 129 
red insect, 122-124, 129 
yellow, 124-126, 129 
synthetic, 129-130 


Ebonite, 101 
Eggs, 36, 76, 142 
amino acid composition, 76 
composition, 36 
GLC of fatty acids of, 142 
Egyptian 
epitaphial stelae, 69 
jar contents, 30, 96 
mummy, 96 
sarcophagus, 69 


Ehrlich test, 79 
El Amarna tomb, 152 
Electromagnetic spectrum, 17 
Electron spin resonance, 23 
Electrophilic addition, 6 
Elemi, 95 
Ellagic acid, 128 
Eluant, 13 
Empirical formula, 1 
Enantiomers, 3, 61 
Energy 
electronic, 19 
vibrational and rotational, 18 
and wavelength, 18 
Enzymes, 64-65, 105 
Epimers, 3, 61 
Epoxy resins, 116 
Eremurus spp., 69 
Esters, 11, 27, 141 
Ethane, 2 
Ethanol, 8 
Ethers, 9 
Ethylene, 3 
Ethyne, 3 
Endothermic process, 5 
Exothermic process, 5, 23 


Fading of dyes, 130-132 

Fats, see Oils and fats 

Fatty acids, 26-27, 29, 141—143 
composition of oils and fats, 28 
free, 38 

Feathers, 75 

Ferrogallate inks, 127 

Fichtellite, 49 

Film, cinematographic, 65 

Fir resins, 89 

Fischer convention, 61 

Fluorescence, 21 

Fluorochloromethane, 8 

Formaldehyde, 8 

Formamide, 12 

Formic acid, 10 

Fourier transformation, 19 

Frankincense, 95 

Free radicals, 6, 31, 23-24 
coupling of phenol, 70, 105 
oxidation by metal ions, 32 

Free radical reactions, 6, 30-34, 128, 

134 

French polish, 101 

Freon, 8 

Frequency of radiation, 18 

Fructose, 61 

Fuchsine, 130 

Functional groups, 1, 8 

Functionality of monomers, 111 

Funoran, 68 

Furanose, 61 

Furfural test, 68 

Fustic, 125 
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Galbanum, 96 Illuminated manuscripts, medium Linoleum, 37 
Gallic acid, 128 identification, 69 Linseed oil, 30, 35, 37, 143 
Gamboge, 66, 126 Indian yellow, 126 Lipids, 26 
Gamma rays, 17 Indigo, 66, 126 Litmus, 122 
Gas chromatography, see Indigodisulphonic acid, 127 Luminescence, 21 
Chromatography Infrared spectrometry, sec 
Gasoline, 7 Spectrometry, infrared 
Gilsonite, 49 Inhibitors, 33 Madder, 122, 129 
GLC-MS, 22, 46, 57, 144-147, 149- Inks Magenta, 130 
158 ferrogallate, 127 Magic angle spinning, 21 
Glucose, 60-61, 63 printing, 37 Maltose, 63 
Glue, animal, 75, 146, 148 Iodine number, 26 Maori carved head, 152, 154 
Glyceraldehyde, 61 Ion-exchange resins, 14, 69, 78 Mary Rose, 57 
Glycerol, 26, 38, 115 Ionization, 10 Mastic, 93-94, 96, 149 
Glycosides, 63, 64 Isomerization, 7, 87 American, 95 
Gramophone records, 101 Isomerism, 2-4, 26 Mass spectrometry, see Spectrometry, i 
Graphite, 57 Isoprenoids, 49, 83 mass Hi 
Greek vessel, 158 Isparuk, 125 Maya blue, 126 
Gum resins, 68 Ivory, 58 Mauveine, 130 
Gums and mucilages, 66-68 black, 57 Meral ions, effect on drying, 32, 138 
acacia or arabic, 67 Methane, 2 
almond, 67 Methanol, 8 
apricot, 69 Japanese Methyl bromide, 8 i 
carob or locust, 67 lacquer, 23, 104—106 Methyl esters, 11, 78, 142 
cherry, 67, 69 oil painting, 30 Methylation, 141 
cholla, 68 prints, 127, 129, 131 Methylbenzene, 5 
composition, 67 Jet, 48 Methylcellulose, 65 
ghatti, 68 Juglone, 122, 127 Methylpropane, 2 
guar, 68 Milk, 76 
karaya, 68 Mirror images, 3 
khaya, 68 Kauri resin, 37, 90, 152 Molecular formula, 1 
plumtree, 67 KBr disc, 19 Monomers, 111-113 | 
Prunus sp., 67 Keratin, 74 Monosaccharides, 60 i 
tragacanth, 67 Kermes, 123 Monoterpenoids, see Terpenoids, 
Gurjun balsam, 93 Kermesic acid, 123 mono- 
Gutta-percha, 100 Ketone resin N, 119 Montan wax, 54 l 
Ketones, 9 Mordant dyes, 122 H 
Kovats index, 15-16 Moving phase, 13 
Hair, 75 MS2A resin, 119 
Halogenated compounds, 8, 137 Mucilages, 66, 68, 69 i 
Haworth formulae, 63 Labdane compounds, 86-87 Mummy, 48 " 
Hemiacetal, 60, 63 Laccaic acids, 123 Mutton fat, 29 H 
Hempseed oil, 30 Lac dye, 123, 129 Myrrh, 68 1 
Henna, 122 Lacquers f 
Hens’ eggs, see Eggs European, 96, 149, 152 i 
Heptane, 7 Japanese, 83, 104-106 Naphtha, 7 
Heterocyclic compounds, 12 laevo-, 3 Naphthalene, 6 H 
Heterolysis, 6 Lake pigments, 21, 122, 126, 129 Ninhydrin colour reaction, 14 | 
Homologous series, 2, 9 Lampblack, 57 Nitrate esters, 65 b 
Homolysis, 6, 31, 136 Lanolin, 43 Nitrate stock, 65 i 
Honey, 63 Lanosterol, 43 Nitrogen i 
Hoof, 75 Larch resins, 89 compounds containing, 11 
Hopanes, 52-54, 152-158 Larix species, 89 oxides, 139 | 
Hopanogram, 152 Latex, 99 Norwegian art works, 30 " 
Horn, 75 Leguminosae resins, 85, 91 Nuclear magnetic resonance i 
Hydrocarbons, 1-7, 41, 44—45, 49, Lichens, 122 spectrometry, see Spectrometry, 
113 Light, 17, 19, 137-138 nuclear magnetic resonance 
Hydrogen bonds, 8, 10, 75 fading by, 130-132 Nucleophilic substitution, 6 
Hydrogenation, 7 Lignans, 70 Nylon, 116 
Hydrolysis, 29, 38 Lignin, 49, 69—70 
Hydroperoxides, 31, 138 Lignite, 48 
Hydroxyl group, 10 Ligroin, 7 Octane, 7 
Hymenaea resins, 91-92, 99 Linoleic acid, 27, 35 Oil cloth, 37 
Hypsochromic effect, 121 Linolenic acid, 27, 34, 35 Oil modified alkyds, 115 
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Oil paint, 23, 30-34, 142-146, 149 
analysis, 141—149 
thermal analysis, 23 
yellowing, 34 
Oils and fats, 26-38 
archaeological, 21, 29 
chemical properties, 28 
drying, 30 
*boiling' of, 36-37 
GLC of, 142 
mechanism of drying of, 30 
prepolymerized (stand), 34—35 
yellowing of, 34 
fatty acids of, 28 
minor components of, 35 
oxidative scission of buried, 29 
products containing, 36 
saponification, 29, 141 
Oils (terpenoid) 
lavender, 85 
rosemary, 85 
spike, 85 
turpentine, 83 
Oiticica oil, 30 
Oleic acid, 28, 29, 144 
Olibanum, 68, 95 
Oligosaccharides, 63 
Olive oil, 29 
Optical isomers, 3 
Optical rotation, 3 
Oregon balsam, 89 
Ouricuri wax, 44 
Oxidation, 8, 9, 10, 23, 134, 137 
countering, 139 
photosensitized, 138 
Oxygen, 9, 134 
penetration into films, 137 
singlet, 138 
Ozokerite, 44 
Ozone, 100, 101, 139 
Ozonolysis, 100 


Paint, 141-149 
alkyd, 116 
oil, see Oil paint 
tempera, 142-143 
Palmaroli’s medium, 89 
Palmitate/stearate ratio, 143 
Palmitic acid, 10, 27, 29, 42, 43, 142 
Paper, 23, 24, 64, 70 
making, 70 
Papyrus, 23 
Paraffin, 6, 7 
wax, 7 
Peat, 48, 49, 54 
Peptide linkage, 73 
Perilla oil, 30 
Peroxy radicals, 31-32 
Persian berries, 125 
Peru balsam, 95 
Petroleum, 7, 48-49, 54 
jelly, 7 
Phenol-formaldehyde resin, 16, 117 


Phenol oxidation, 70, 104—105 
Phenols, 10, 33 
Phospholipids, 36 
Phosphorus, 36, 76 
Photochemistry, 137-139 
and fading of dyestuffs, 130 
of cellulose, 24 
Photosensitized oxidations, 138 
Photosynthesis, 60 
Phototendering, 138 
Phthalate esters, 115, 158 
Phthalic acid, 115-116 
Phytane, 49 
Phytosterols, 49, 50 
Pimarane compounds, 85-86 
Pinaceae resins, 87-90 
Pine resins, 37, 87, 88, 96, 144, 150, 
152 
Pinenes, 84 
Pinenut oil, 30 
Pinks, 126 
Pistacia resins, 93-95 
Pitch, 48, 54, 57 
Planck's constant, 18 
Plasticine, 37 
Plasticizers, 158 
Plumbago, 57 
Polar and non-polar solvents, 9 
Polycommunic acid, 90 
Polyisoprenoids, 99 
Polymers, 111, see also Resins, 
synthetic 
Polyamides, 12, 116 
Polysaccharides, 60 
identification of, 68 
Poppyseed oil, 30, 93, 143 
Primary carbon, 2, 31-32 
Printing ink, 37 
Pristane, 49 
Proteins, 73-79 
amino acid composition, 75, 76, 77 
analysis of, 78 
paint media containing, 146 
vegetable, 77 
Proteus species, 29 
Proton, 7 
Punic axis, 44 
Punic vessel, 96 
Putty, 37 
Pyranose, 61 
Pyridine, 11 
Pyrolysis, 59 
Pyrolysis GLC, see Chromatography, 
gas 
Pyrrole, 34 


Quantum of light, 18 
Quantum yield, 137 
Quercitron, 125 


Rayon, 64, 65 
Radicals, see Free radicals 
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Resenes, 93 
Resin tar, 54 
Resins 


natural, 36, 83-104, 149-152 
accroides, 124 
African copals, 91-92 
ambers, 96-99, 152 
analysis, 95-96, 149-152 
Araucariaceae, 90 
benzoin, 95 
Brazil copals, 92 
Burseraceae, 95 
Chios turpentine, 95 
copaiba balsam, 92 
Cupressaceae, 90 
dammars, 93 
diterpenoid, 85-92, 149 
dragons’ blood, 124 
clemis, 95 
fossil, 96-99 
insect, 101 
juniper, 90 
kauri, 37, 90, 152 
Leguminosae, 91 
manila copal, 90 
mastic, 93-94, 149 
miscellaneous, 95 
olibanum, 95 
Pinaceae, 87-90 
pine, 37, 87, 96, 144, 150, 152 
Pistacia, 93-95 
red, 124 
running of, 37 
sandarac, 90, 152 
shellac, 101, 150 
Strasbourg turpentine, 89 
triterpenoid, 92-95, 149 
Venice turpentine, 89, 149 
yellow, 126 
synthetic 
alkyd resins, 115-116 
cyanoacrylates, 115 
cyclohexanone, 118 
epoxy, 116 
nylon, 116 
phenol-formaldehyde, 16, 117 
polyacrylates, 114 
polyamide, 116 
polyester, 116 
polyethylene, 113 
polyethylene glycols, 115 
polyethylene oxide, 115 
polymethacrylates, 114 
polystyrene, 113 
polytetrafluoroethylene, 115 
polyvinyl acetate, 113 
polyvinyl alcohol, 66, 114 
polyvinyl chloride, 115 
vinyl, 112-113 
Resonance forms, 10 
Retene, 54 
tetrahydro-, 158 
Rosin, 37, 83, 89 
Rubber, 99-101 


Rubens, 57, 96 


Safflower, 122 
Saffron, 125 
Saint Stephen's Chapel, 30 
Sample treatment, 16, 141 
Sandarac, 90, 152 
Saponification, 38, 141 
Saturated hydrocarbons, 1 
Separation methods, 13-17 
Secondary carbon, 2, 30-31 
Shellac, 101, 150-152 
dyestuffs, 123 
wax, 42 
Silica gel, 14 
Skin, 75 
Soaps, 29, 38 
Soil microorganisms, 29 
Solubility parameter, 9 
Soot, 57 
Spectrometric methods, 17-24 
Spectrometry 
electron spin resonance, 23 
fluorescence, 21 
infrared, 18, 20, 45-46, 68 
Fourier transform, 19, 96, 104, 
129 
mass, 22-23, 106, 144—145, 149 
nuclear magnetic resonance, 21, 22, 
46 


ultraviolet and visible, 19-21, 129, 


136-137 
Spermaceti, 42, 152, 154 
Staining of paint samples, 148-149 
Stand oils, 34-35 
Staphylococcus species, 29 
Starch, 66 
Starch paste, 66 


Stationary phase, 13, 15, 17, 142, 149, 


152 
Stcaric acid, 10, 27, 29, 42, 43, 142- 
143 
Stearin wax, 38, 152 
Stereoisomerism, 2 
Stereospecificity, 3 
Sterols, 36, 43-44 
Stockholm tar, 56 
Stoddard solvent, 7 
Stone coatings, 149 
Stubbs, George, 46, 146 
Succinic acid, 96 
Sucrose, 63 
Sugars, 60-63 
Sulphur, 37, 100 
Sumac, 125 
Superglues, 115 
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Surfactants, 11, 38 
Synthetic materials, 111-119 


Tanning, 75-76 
Tannins, 127-128 
Tapestries, 129 

Tar, 48, 54, 56-57, 158 
Teflon, 115 
Terephthalic acid, 115 
Terpenoids, 83 


di-, 85-92, 98 
mono-, 83-85, 152 
sesqui-, 83 


tri-, 35, 43, 44, 49, 51, 52-54. 92- 
95, 149-151 

Tertiary carbon, 2, 30-31 
Terylene, 116 
Tetrachloromethane, 8 
Tetraclinis articulata, 90 
Tetrahedron, 2 
Tetravalency, 1 
Theophilus, 30 
Thermal analysis, 23-24 
Titanium dioxide, 138-139 
Tobacco seed oil, 30 
Tocopherols, 33 
Tolu balsam, 95 
Toluene, 5 
Transmission spectrum, 18 
Trichloromethane, 8 
Triglycerides, 26, 27-28, 36 
Trimethylamine, 11 i 
Triterpanes, 51-54, 152-158 
Triterpenoids, see Terpenoids, tri- 
Tung oil, 30 
Turner’s varnish, 93 
Turpentine 

Chios, 95 

oil of, 36, 83-85, 152 

Strasbourg, 89 

substitute, 7 

Venice, 89, 149 
Tyrian purple, 126-127, 129 


Unsaturation, 3 
and C-H bond energies, 31 
and UV spectra, 20 
of fatty acids, 26-27 
Uronic acids, 63 


Valence shell, 2 
Van Meegeren, 118 
Vandyke brown, 33 
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musical instrument, 96, 149-150 
lithographic, 37 
scientific instrument, 149 
shellac, 101, 150-152 

Vaseline, 7 

Vat dyes, 122 

Venice turpentine, 89, 149 

Vermeers, faked, 16, 118 

Vinegar, 10 

Vinyl polymerization, 31, 112-113 

Vuillard, Edouard, 148 

Vulcanite, 101 

Vulcanization, 99-100 


Walnut husks, 122, 127 
Walnut oil, 30, 143, 150 
Waterlogged materials, 115 
Wavelength, 18 
Wavenumber, 18 
Waxes, 41-46, 146, 152 
candelilla, 44 
carnauba, 44 
Chinese insect, 42 
bees, 41-42, 146, 149, 152 
detection, 45-46 
esparto, 44 
fossil and earth, 44 
gas chromatography of, 46, 152 
Japan, 44 
jojoba, 44 
lac, 42 
montan, 54 
NMR spectra, 21, 46 
ouricuri, 44 
paraffin, 45 
peat, 45 
spermaceti, 42, 152 
stearin, 38, 152 
wool, 43 
Weld, 124 
White spirit, 7 
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Wool, 75, 122, 127 
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Xylene, 5 
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The Organic Chemistry of M. useum Objects 
John S. Mills, Scientific Adviser AXE - Mt | 


Raymond White, Principal Scientific Officer ` t 
The National Gallery, London 


This book makes available, in a single volume, a survey of the structures and chemistry of the organic 
-materials which enter into the composition of objects to be found in the museum and art gallery. The 
fundamental chemistry of the bulk materials such as wood, paper, natural fibres and skin products is - 
covered, but particular attention is paid to that of the relatively minor components incorporated as paint 
media, varnishes; adhesives, dyes etc., as information on these is scattered through the periodical 
literature of many disciplines and often has not before been adequately reviewed. 


In addition to chapters on basic organic chemistry, analytical methods, analytical findings and 
fundamental aspects of deterioration, the subject matter is grouped as far as possible by broad chemical 
class — oils and fats, waxes, bitumens, carbohydrates, proteins, natural resins (terpenoids), dyestuffs and 
synthetic polymers. 


It is hoped that the book will serve the needs of students of conservation, museology and archaeology 
as well as organic chemists faced with the challenging task of analysing small samples of complex and 
degraded natural products. "ouk 
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